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Preface 


Paul G. Barash, MD 
Guest Editor 


Monitoring, an extension of the physical examination, is an inte- 
gral component of the clinical practice of anesthesiology. More than 
100 years ago, Snow reported that pulse rate, in addition to respira- 
tion, was required to assess the depth of anesthesia. However, it was 
not until the beginning of the twentieth century that Codman and 
Cushing advocated the measurement of heart rate and blood pres- 
sure, obtained on a regular basis (every 5 minutes) to adequately 
monitor patients receiving an ether anesthetic. Despite these early 
advances, monitoring of the cardiovascular system remained quite 
rudimentary. As late as 1969, some authorities even questioned the 
value of the intraoperative electrocardiogram.® More recently, stan- 
dards have been promulgated for the minimal level of monitoring 
required for all patients. These standards are not comprehensive, but 
serve to reduce the risk of untoward events for which the cardiovas- 
cular and central nervous systems are final common pathways. 

Cardiovascular monitoring facilitates the diagnosis and treat- 
ment of complex hemodynamic abnormalities. These can be catego- 
rized in terms of pump function, intravascular volume, and vascular 
resistance. Conservative clinicians may argue that experience and as- 
tute physical examination are adequate to diagnose and treat these 
derangements. However, routine clinical assessment has proved to 
be a poor predictor of the patient’s hemodynamic status.*° 

The 1970s can be characterized as the “decade of invasive moni- 
toring.” Although the benefits of these techniques are important for 
patient care, limitations are obvious. The risks associated with inva- 
sive monitoring pose a significant hazard to the critically ill patient. 
Further, the use of invasive monitoring of cardiac performance (for 
example, PCWP) is based on the assumption that pressure measure- 
ment is a good approximation of ventricular volume status. Erro- 
neous conclusions based on this notion of hemodynamic performance 
may result.® 

In contrast, noninvasive assessment of cardiovascular function 
offers the anesthesiologist techniques that overcome these limita- 
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Figure 1. The monitoring spectrum of invasive to noninvasive devices. STI = systolic 
time intervals. 


tions. The potential appeal of these methods is a more precise physi- 
ologic definition of the status of the cardiovascular system, without 
exposing the patient to risks of invasive examination. The graphic 
presentation of certain imaging techniques, for example, echocardi- 
ography, also serves as an excellent method to learn cardiovascular 
physiology. Thus, as we enter the twenty-first century, the anesthesi- 
ologist has a spectrum of cardiovascular monitors from which to 
choose (Fig. 1). 

Many argue that due to improved monitoring techniques there 
has been a significant decrease in anesthetic-related mortality. It has 
also been hypothesized that more extensive use of monitors has had a 
positive impact on the cost of malpractice insurance premiums.’ 
However, we should not be lulled into a false sense of security. As 
monitors and monitoring become more complex, the clinician's at- 
tention may be diverted from the patient. In an analogous situation, 
Dr. John Lauber (National Transportation Safety Board), commenting 
on airline accidents, stated, “Some recent incidents have convinced 
me that rather than eliminating human error, some of the new tech- 
nology has resulted in the creation of new opportunities for entirely 
new categories of human error.’ !° 

With increasing frequency, we are being asked to justify the ex- 
pense and risk of monitors. The cost-benefit ratio is difficult to apply 
in many clinical situations. At present, the pulmonary artery catheter 
(PAC) is the monitoring device under the most intense scrutiny. 
Owing to the absence of any prospective controlled studies, its use 
has engendered heated debate. +"! The difficulty in conducting such a 
scientific investigation is exemplified by the application of the PAC in 
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cardiac surgical patients. If reduction in mortality rate from 1.5 to 
0.75 per cent is to be used as an endpoint in a prospective controlled 
clinical trial, then approximately 3400 patients are required. The lo- 
gistics and ethics of such a study preclude its implementation. 

Although the use of a PAC may be considered too sophisticated 
an example for cost-benefit analysis, Cohen and colleagues posed an 
even more direct question: Does the use of monitors result in de- 
creased nonfatal complication rates in anesthetized patients? They 
examined the records of 112,721 patients from a single hospital over a 
9-year period.? Despite an increased use of monitors in the operating 
room, the cardiac arrest rate per 10,000 anesthetics did not decrease! 
A more striking example was the report of Lunn et al, who found that 
between 1972 and 1977, 18 per cent of patients who were adminis- 
tered anesthetics in England did not have blood pressure moni- 
toring. More intriguing was the fact that 10 per cent of the anes- 
thetics were administered without any monitoring.’ Finally, Cooper 
et al reported that 3 per cent (15/507) of critical intraoperative inci- 
dents were directly related to misuse of a monitor and 27 per cent 
(19/70) of negative outcomes were associated with faulty monitoring.* 

These disparate observations may puzzle and disturb the reader. 
The current issue of the Anesthesiology Clinics of North America 
brings together 23 contributors, who articulately discuss the place of 
a given monitor (or device) in clinical practice. The discerning reader 
will integrate the messages contained within each article to gain in- 
sight into their value, both in economic terms as well as in improved 
patient care. 
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An Historical Backdrop to 
Cardiovascular Monitoring 


George Stephen Bause, MD, MPH* 


In attempting to monitor human health, early man perceived the 
physical world as a template for understanding himself and his peers. 
The warmth of living and the frigidity of dying were mirrored in the 
day and the night. Life and death were embodied, respectively, in the 
sun and the moon. The daily struggle for survival encouraged a view 
that life and death were antagonists. That struggle also created the 
practical knowledge of target areas for weapon strikes. Hunting lore 
taught prehistoric man that the center of the body—either the center 
of the thorax or the high abdomen—contained the secret of living. 
Indeed, the first anatomic illustration of the heart may be part of a red 
ochre drawing of a mammoth discovered in a Spanish cave at El 
Pindal.”° A leaf-shaped dark area, the heart or vital (perhaps holy?) 
structure was depicted as shoulder-level in location. This secret of life 
or vital organ was recorded as early as the Paleolithic period on cave 
walls by hunters. 





MESOPOTAMIAN FOCUS: THE LIVER 


As the cradle of civilization, Mesopotamia witnessed the rise of 
the written record and of peoples capable of transmitting their 
thoughts on the secret of life to future cultures. Sumerian ideographic 
writing arranged in vertical columns from right-to-left eventually 
yielded to top-to-bottom rows of cuneiform from left-to-right. The in- 
troduction of clay tablets and stylets for records preserved the ideas of 
a people that viewed medicine as magical. Living in Mesopotamia 
(“between the rivers”), the Sumerian emphasis on fluids and flow 
were products of their proximity to the Tigris and Euphrates rivers. 
Blood was considered the carrier of all vital functions. As the collect- 
ing point of life fluids and blood, the liver was the seat of life. Con- 


*Medical Curator, The Wood Library-Museum of Anesthesiology; Assistant Professor 
and Curator, The Yale Museum of Anesthesiology; Staff Anesthesiologist, West 
Haven V.A. Medical Center; Assistant Professor, Department of Anesthesiology, 
Yale University School of Medicine, New Haven, Connecticut 
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sequently, hepatoscopy, the inspection of livers of sacrificed animals, 
assumed a vital role in public affairs. 

Hepatoscopy highlighted the Assyro-Babylonian practice of med- 
icine. In the 21st verse of his 21st chapter, the prophet Ezekiel re- 
ported that “the King of Babylon stood at the parting of the way, at the 
head of the two ways, to use divination: he made his arrows bright, he 
consulted with images, he looked at the liver.” The person seeking to 
learn his future would breathe upon a sacrificial animal, and the he- 
patoscopist would slay the animal and examine its liver. The hepatos- 
copist of Babylon evolved into the haruspex of Rome, who would 
divine the future of an empire by examining the liver and entrails of 
sacrificed animals. Gradually, right-handedness or having a large right 
lobe of the liver was regarded as “dexter” or auspicious: left- 
handedness, or a predominant left lobe, as “sinister.” The special 
Babylonian caste that practiced medicine also plucked herbs by 
moonlight, another practice that would be continued for centuries to 
follow. Regarding seven as a magic, lunar-based number, the Babylo- 
nian practitioner would not provide patient care on the seventh day. 
Nonetheless, the Babylonian emphasis on counting and observation 
formed the sexagesimal basis of Assyro-Babylonian mathematics from 
which we derived our 60-minute hour and our 60-second minute. 
Babylonian observation and vigilance were incorporated into the rigid 
Code of Hammurabi, which provided harsh penalties to physicians 
whose patients experienced undesirable outcomes. 


MESOAMERICAN FOCUS: THE HEART 


Civilization developed many centuries later on the opposite 
hemisphere, when the Olmecs flourished in Mexico around 1250 BC. 
Successive Mesoamerican peoples flourished and declined including 
major Peruvian ones like the Chavin, Paracus, Tiahuanacan, and In- 
can cultures. The Olmecs were succeeded in Mexico by the Zapotecs 
and subsequently the Teotihuacan culture, which built a 20-story Pyr- 
amid of the Sun. Eventually, the Chichimec nomads roamed through 
Mexico, only to yield to the Mayans. A theocracy, Mayan culture was 
ruled by hemenes or priests, who wrote in hieroglyphics and formu- 
lated detailed calendars. The Toltecs and the Mixtecs preceded the 
great Mesoamerican culture of the Aztecs. 

The Aztecs seem to have distilled many aspects of their prede- 
cessors into a complex social scheme. They constructed great pyra- 
mids and altars for sun worship. Unfortunately for their enemies, the 
Aztecs conducted astonishingly cruel human sacrifices, removing 
beating human hearts from their victims’ chests with obsidian razors. 
Offerings of the heart and blood of their enemies to the sun-god sug- 
gest the central role that the heart, not the liver, played in Aztec 
society. In figurines from El Naranjo in Central Veracruz, the mythical 
and central role of the heart for Mesoamerican civilization is symbol- 
ized by the exposed heart seen in place of the umbilicus. 
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POLARITY 


The prehistoric preoccupation with life and death was trans- 
formed by civilized man into a quest for the spark of life. What exactly 
was this life force? Man saw an energy in living and a vacuum in 
dying. 


EGYPTIAN: ISIS/OSIRIS 


The ancient Egyptians translated the great dual of life and death 
into a grand dualism of life and the afterlife. Unlike the Mesopotami- 
ans before or the Mesoamericans to follow, Egyptians discounted the 
role of blood as the carrier of life. Instead they postulated that air was 
the prime conveyor and that the heart was the vital organ. The rites of 
mummification and embalming provided the Egyptian with tremen- 
dous opportunity for understanding human anatomy. As a rule, the 
lungs, liver, stomach, and intestines were embalmed in separate stone 
canopic jars. The heart and major vessels were purposefully left in 
anatomic position for use in the afterlife. The Egyptian layman had a 
morbid fear that his heart might be damaged or stolen after death, and 
that he would be robbed of his afterlife“? The anonymous Egyptian 
author of the Book of the Dead pleads “Let not my heart be taken from 
me, let it not be wounded, and may neither swords nor gashes be dealt 
upon me because it hath been taken from me.” Although Ra, the 
sun-god, was the supreme being, Egyptian life centered on the sib- 
lings Isis and Osiris. As the symbol of mother earth, Isis promoted 
healing and the sustenance of earthly life. Her brother Osiris was the 


the physician to the gods, Thoth. The weeping eye of the suffering 
Horus became the symbol of godly protection and recovery. The eye 
of Horus is represented in modern times by the “Rx” on modern day 
prescriptions. In fact, the great secrecy of Egyptian prescriptions and 
potions was perpetuated into the Middle Ages as alchemy, a word 
derived from “chem,” an ancient name for Egypt. The general magic 
and secrecy encouraged by the medical fraternity of old chem is fur- 
ther evidenced in The Secret Book of the Physician. Both the 17th 
century BC surgical treatise, the Edwin Smith Papyrus, and the po- 
tion-laden medical tract from 1550 Bc, the Ebers Papyrus, probably 
shared a common source in The Secret Book. As the architect of the 
world’s oldest free-standing structure, the Step-Pyramid at Saqqara, 
Imhotep is also credited with authoring The Secret Book of the Phy- 
sician as early as 2650 Bc.”! 


CHINESE: YIN/YANG 


The ancient Chinese viewed the universe as tai chi: the “great 
ultimate” or “great circle.” The purpose or pattern of this universe 
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was embodied in tao, “the way.” The oldest medical book extant, the 
Huang Ti Nei Ching Su Wen, contains su wen (“familiar 
conversations” or “simple questions”) of the Nei Ching (Classic of 
Internal Medicine) attributed to Huang Ti (the Yellow Emperor). The 
Yellow Lord or Emperor Huang Ti (2697 to 2597 BC) was the third of 
China’s first five emperors. The Nei Ching is thought to have been 
recorded on paper about 1000 Bc following many centuries of oral 
tradition. The second book of the Nei Ching opens with a treatise on 
the interaction of the polar principles of Chinese thought: yin and 
yang. 


The principle of Yin and Yang (the male and female elements in nature) 
is the basic principle of the universe. It is the principle of everything in 
creation. It brings about the transformation to parenthood; it is the root and 
source of life and death; and it is also found within the temples of the gods. 

In order to treat and cure diseases one must search into their origin. 

Heaven was created by an accumulation of Yang, the element of light; 
Earth was created by an accumulation of Yin, the element of darkness. 

Yang stands for peace and serenity, Yin stands for recklessness and tur- 
moil. Yang stands for destruction and Yin stands for conservation. Yang causes 
evaporation and Yin gives shape to things. 

Extreme cold brings forth intense heat (fever) and intense heat brings 
forth extreme cold (chills). Cold air generates mud and corruption; hot air 
generates clarity and honesty. 

If the air upon the earth is clear, then food is produced and eaten at 
leisure. If the air above is foul, it causes dropsical swellings. 

Through these interactions of their functions, Yin and Yang, the negative 
and positive principles in nature, are responsible for diseases which befall 
those who are rebellious to the laws of nature as well as those who conform to 
them.” 


INDIAN; PITHA/KAPHA 


In a fascinating parallel to the Chinese tao, yin, and yang, the 
Hindu trinity of gods featured the creator Brahma, the preserver 
Vishnu, and the destroyer Siva. Ayurvedic medicine evolved around 
the “three faults” or tridoshas: Vayu, Pitha, and Kapha. 


With reference to the polarity of these forces, Vayu or air represents the 
neutron, is the nerve force in the body, and splits up the atom into electrons 
and protons. Pitha or fire represents the electron and controls enzymes, the 
hormones, and the metabolic as well as the circulatory systems, all of which 
impart to the body heat necessary for its preservation and functioning. Kapha 
or water represents the proton, controls all the mucous surfaces of the body, 
and is similar to protoplasm.’ 


The Ayurvedic tradition postulates the existence of nerve force or 
energy and acknowledges the existence of negative Pitha and positive 
Kapha charges in the living organism. 
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GREEK: ODD/EVEN 


With the possible exception of the Pythagorean school, the 
Ayurvedic insight into a life force and nervous energy was largely 
unrecognized by the ancient Greeks. Pythagoras (580 to 489 BC) 
started medical practice with a keen interest in procreation. This ori- 
entation may explain his cultivating a philosophy of numbers and a 
theory of harmony. The odd and the even were considered major 
Pythagorean principles of life and well-being. Indeed, the Pythago- 
rean physician considered as numbered days the time course of each 
illness he attended. Perhaps the ultimate medical secret, the mystic 
rites of the Pythagoreans were translocated from Greece to Croton, 
Italy. For this reason, Aristotle referred to the Pythagoreans as the 
Italic School. 

Aristotle had a much greater impact to make on man’s search for 
a life force and for polarity in life. While describing the electric ray in 
340 BC, Aristotle observed, “the torpedo narcotizes the creatures it 
wants to catch, overpowering them by the strength of a shock that is 
resident in its body... .”'® 


MODERN: NEGATIVE/POSITIVE 


Two thousand years passed until Aristotle’s observations on the 
torpedo kindled the interest of natural philosopher John Walsh.” In 
1774 Walsh wrote to Benjamin Franklin that “the effect of the torpedo 
appears to be absolutely electrical, by forming its circuit through the 
same conductors with electricity, for instance metals and water; and 
by being intercepted by the same non-conductors, for example glass 
and sealing wax ... the back and the breast of the animal [are] in 
different states of electricity.” ”® These two states of electrical charge 
had, of course, been previously defined by America’s first physicist, 
Benjamin Franklin. Glass rubbed by silk yielded what Franklin 
termed “positive” electrical charge. Hard rubber brushed by fur pro- 
duced “negative” electrical charge.® Unfortunately, both Walsh and 
Franklin considered the electric ray merely a curiosity of nature. 

However, a professor of anatomy at the University of Bologna, 
Aloysio Luigi Galvani (1737 to 1798) speculated that “animal 
electricity” occurred in all living tissues. He had noted in 1787 that 
pivoting a nearby electrostatic apparatus about a scalpel touching an 
exposed nerve on a frog’s hind leg produced a contraction of the an- 
imal’s leg. Eventually Galvani discovered that merely touching a 
nerve or muscle with a bimetallic rod would produce the same result: 
muscular contraction, reflecting electricity which Galvani believed to 
have been generated by the living tissues themselves.” Professor of 
physics at the University of Pavia, Alessandro Volta (1745 to 1827) 
considered Galvani to be “the frog’s dancing master” and suggested 
that the muscle contraction resulted from electricity generated be- 
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tween dissimilar metals in the rod.’ Publishing anonymously in 
1794, Galvani simultaneously defined the current of injury and re- 
futed Volta’s assertion by showing contraction of muscle innervated 
by a nerve in contact with injured and uninjured tissue. Volta’s 
objections to animal electricity were ultimately silenced by his own 
voltaic pile. That invention led ironically to the discovery in 1820 by 
Hans Christian Oersted (1777 to 1851) of electromagnetism, the fun- 
damental principle of the galvanometer. 

Indeed using a slow, homemade galvanometer in 1843, the found- 
er of modern electrophysiology, Emil DuBois-Reymond (1818 to 
1896), recorded the magnitude of the electric potential generated by 
frog muscle.’ He referred to the action potential as “negative 
variation” after noticing its diminution after repeated stimulation. Un- 
happy with his homemade galvanometer, DuBois-Reymond inter- 
posed a two-position switch in the instrument such that a stimulus 
could be delivered by one position of the switch and interrupted by 
the other. Because he could now sample the magnitude of the electric 
potential over brief time intervals, DuBois-Reymond named his 1849 
device the “‘flow-slicer” or rheotome.*” A pupil of his, Julius Bern- 
stein (1839 to 1917) eventually designed a flow-slicer capable of vary- 
ing the time interval between stimulating and sampling. Reported in 
1868, Bernstein’s “differential rheotome” produced the first electro- 
cardiogram ever recorded. 

The next advance in pursuing animal electricity resulted from an 
experimental spill in Heidelberg of sulfuric acid on a drop of mercury 
which contracted when touched with an iron wire.!® Gabriel Lipp- 
mann (1845 to 1921) recalled this experiment and realized that the 
changes in the electric potential altered the surface tension at the 
mercury/sulfuric acid interface. In 1872 Lippmann introduced the 
capillary electrometer, the first device sensitive enough to permit 
easy continuous recordings of action potential. Etienne-Jules Marey 
(1830 to 1904) of Paris added a photographic recorder to the capillary 
electrometer in 1876."4 By 1887 the first human “electrogram” had 
been performed with a capillary electrometer by Augustus Desire 
Waller (1856 to 1922).°° Waller demonstrated that the capillary elec- 
trometer could record cardiac variations in electrical potential from 
the surface of the body. Lecturing in 1888 at St. Mary’s Hospital Med- 
ical School, London, Waller renamed his recordings “cardiograms.”’ 


EINTHOVEN: THE STRING GALVANOMETER 


Despite these successes, the capillary electrometer’s mercurial 
inertia produced a slow response time as well as overshooting once 
the mercurial mass was set in motion. A Java-born Dutchman named 
Willem Einthoven (1860 to 1927) attacked the problem of mercurial 
inertia with a bow and arrow. He eliminated mercury. Einthoven 
produced strings 7 wm in diameter by heating quartz fused to an 
archery arrow and launching the arrow from a drawn bow. To render 
a quartz string electrically conductive, he subsequently plated it with 
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pure silver. Thus Einthoven produced a wire with little mass, to min- 
imize inertia, and high electrical resistance.** For the galvanometer 
portion of his string galvanometer, Einthoven had to construct a con- 
stant, powerful electromagnet. Generating so much heat, Einthoven’s 
22,000 gauss electromagnet required a water-cooled ‘jacket for heat 
removal. Filling two rooms in Leiden, Einthoven’s first string elec- 
trocardiograph weighed 600 Ib and required five people to operate 
it. 

The commercial value of the electrocardiograph rose as dysrhyth- 
mia detection became important for both atrial and ventricular 
fibrillation." Charles Darwin’s seventh and youngest child, Horace 
Darwin, directed the commercial research and development of the 
electrocardiograph by Cambridge Scientific Instrument (CSI) Co., 
Ltd., of Great Britain. The size and heat production of the electromag- 
net were reduced. Although the first electrocardiograph was sold by 
CSI in 1905, not until 1912 were the units of a size practical for use in 
a hospital diagnostic room. Replacing Einthoven’s cathodic bombard- 
ment method for silvering the quartz strings, CSI adapted Charles 
Hindle’s method by bombarding glass with gold ions.’’ The same 
year, 1918, that Bousfield published the first electrocardiograph dur- 
ing angina pectoris,” the first isolated uses of electrocardiography 
during surgery were reported:®° Krumbhaar examined “toxic goiter” ®? 
and Heard and Strauss observed nodal rhythms.*® CSI finally merged 
with Hindle in 1925 to form Cambridge Medical Instruments, and 
their new corporation produced the first portable electrocardiograph 
the following year. 

Portability was crucial to popularizing use of electrocardiography 
in both the medical office and the surgical suite. A general practition- 
er from Providence, Rhode Island, Elihu Wing Smith (1884 to 1968) 
was a pioneer in encouraging the perioperative use of the electrocar- 
diograph as early as 1927 (personal communication, Thomas Breen, 
October 1987). At this point in history, the electrocardiograph was a 
frustrating instrument, requiring both photographic development 
time and limited use because of the heat it generated. The latter fact 
may explain why Smith’s first electrocardiograph has not been lo- 
cated: it may have been damaged by an ether explosion during intra- 
operative use. Smith became re-enamored with a later model electro- 
cardiograph when it incorporated Lockhart’s electrostethograph, 
which featured a “microphone ... connected with the input of said 
amplifier and the output of said amplifier ... connected with said 
galvanometer whereby vibrations picked up by the microphone 
[were] recorded on the film.’®” The “Simpli-Trol” Portable Model 
Cambridge Electrocardiograph was purchased by Smith in 1938 (Fig. 
1). Though still hampered by delay time for photographic develop- 
ment, Smith continued recording preoperative and postoperative 
electrocardiograms in his private office in Providence (personal com- 
munication, Elihu Wing Smith, Jr, MD, December 1987). Little did 
Smith realize that his and others’ advocacy of perioperative electro- 
cardiography would lead to electrical isolation, cathode ray oscillo- 
scopes, and to computerized rhythm and segment monitors. 
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Figure 1. The “Simpli-Trol” Portable Model Cambridge Electrocardiograph used 
by Elihu Wing Smith, a pioneer of perioperative electrocardiography. 


On the 25th anniversary of Einthoven’s string electrocardiograph, 
the Russian electrophy siologist Samojloff begged Einthoven to read 
Samojloff's “letter to the string galvanometer, since it can write but 
not read.” Einthoven responded: 


I have carried out precisely your request and read to the galvanometer your 
letter. Apparently he listened and took in with pleasure and joy, all that vou 
wrote. He hadn't suspected that he had done so much for humanity, but at the 
place where you said he does not know how to read, he all of a sudden became 
furious, so that Land my family became even alarmed. He cried: ‘What, I can’t 
read? It’s a terrible lie. Do I not read all the secrets of the heart?’®” 


From Imhotep’s Secret Book of the Physician to Einthoven’s “‘se- 
crets of the heart,” man searched philosophically for dualistic expla- 
nations for the spark of life. This quest for polarity evolved into a 
wonderful means of monitoring the very electricity of life. 


PERFUSION 


The Mesopotamian concept of life streaming inside the body’s 
vessels was probably a product of life on the banks of the Tigris and 
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Euphrates rivers. As man sought to understand his body and the life 
flowing through it, he had to first distinguish the life conduits and 
whether these streamed with spirits, air, or blood. Eventually learning 
that he could hear the rush of life fluids within the vessels of his body, 
man discovered auscultation. To make this discovery, man needed 
first to comprehend what fluid flowed where and in what pattern (for 
example, ebb-and-flow or in circulation). 


Egyptian Pneumatics 


In the 9th year of the reign of Amenophis I, about 1550 Bc, the 
Egyptians transcribed the Ebers Papyrus, which emphasized both the 
anatomy and physiology of the heart. The first five lines of the 99th 
column of the papyrus reveal: 


The beginning of the physician’s secret: knowledge of the heart's move- 
ment and of the heart. 

There are vessels from it to every limb. As to this, when any physician, 
any surgeon (lit. Sachmet-priest) or anu exorcist applies the hands or his 
fingers to the head, to the back of the head, to the hands, to the place of the 
stomach, to the arms or to the feet, then he examines the heart, because all his 
limbs possess vessels, that is: it (the heart) speaks out of the vessels of every 
limb.” 


Seven lines later, the Ebers Papyrus states: “As for the air that 
enters at the nose it enters to the heart and lungs, and they convey to 
the whole [body].” The pneumatic concept of life pervaded Egyptian 
thought. ! Even bodies awaiting afterlife were left with “the opening 
of the mouth” in order to receive the spirit for afterlife. The sounds of 
pneumatic flow and the heartbeat could be transmitted audibly to the 
Egyptian physician. There is instruction in auscultation provided by 
the Ebers Papyrus: “Here the ear hears beneath. . . .”°° 


Chinese Vessels 


The Huang Ti Nei Ching Su Wen states unequivocally that “All 
blood is under control of the heart. The heart regulates all blood of the 
body.” ! The ancient Chinese confused nerves, arteries, and veins, yet 
they clearly grasped some concepts of circulation. The Nei Ching 
observed that “The blood current flows continuously in a circle and 
never stops.” ° 


Greek Distinctions 


The empirical lay practice of Homeric medicine maintained that 
the diaphragm was the seat of life. One’s soul escaped to Hades either 
by exsanguinating from wounds or via the nostrils with the last breath. 

Contrast this view with that of Alemaeon of Croton (f. 500 BC), 
who gave rise to the Grecian School of Cos. Alemaeon asserted that 
the brain was the seat of senses and life; moreover, he distinguished 
veins from arteries. 

The Greek anatomist Praxagoras (335 BC) formally distinguished 
arteries from veins. His disciple, Herophilus of Chalcedon (f. 315 Bc) 
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distinguished nerves from blood vessels. An Alexandrian, Erasistratus 
(c. 310 to 250 BC) hypothesized that blood moved from veins through 
small vessels (capillaries) into arteries—a reverse circulation of the 
blood! 

Claudius Galen (138 to 201) was born in Pergamon, Asia Minor, 
near the site of an Aesculapian temple. He described three spirits of 
man: pneuma psychicon (animal spirit), pneuma zoticon (vital spirit), 
and pneuma physicon (natural spirit). Galen also declared that blood 
moved between the ventricles through invisible pores. Correctly 
identifying blood within the arteries, Galen theorized that blood 
ebbed and flowed. Arabian Galenists helped promulgate an under- 
standing that the animal spirit was seated in the brain and conducted 
by the nerves; the natural spirit, in the liver, by the veins; and the vital 
spirit, in the heart, by the arteries. 


Eastern Theories of Circulation 


A Zoroastrian from southwestern Persia, Ali ibn Abbas Al-Majusi 
(Haly Abbas) collated his system of medicine, The Royal, for King 
Abudu’d-Dawla Fanakhusraw the Buwayhid (949 to 982). The first to 
conceive the existence of a capillary system, Haly Abbas suggested 
that pores existed between pulsating and nonpulsating vessels.°° 

That pores did not exist, interventricularly, was the contention of 
Ibn an-Nafis (c. 1210 to 1288). The chief medical officer of the Man- 
suri Hospital in Cairo, Ala ad-Din ibn an-Nafis al-Ourashi ad- 
Dimashqi challenged Galen’s theory of interventricular pores.” Ibn 
an-Nafis countered, “There is no passage between these two cavities: 
for the substance of the heart is solid in this region and has neither a 
visible passage, as was thought by some persons, nor an invisible one 
which could have permitted the transmission of blood, as was alleged 
by Galen.” Beyond refuting Galen, Ibn an-Nafis registered the first 
clear statement of the lesser or pulmonary circulation: “Therefore, the 
blood, after having been refined, must rise in the arterious vein (pul- 
monary artery) to the lung in order to expand its volume and to be 
mixed with air so that its fumes and part may be clarified and may 
reach the venous artery (pulmonary vein) in which it is transmitted to 
the left cavity of the heart.””® 


Western Theories of Circulation 


A Spanish physiologist-theologian, Miguel Serveto (1509 to 1553) 
of Villanueva de Sigena (Michael Servetus Villanovanus) sought the 
nature of God as revealed through man’s soul and man’s body. As the 
Spanish Inquisition terrorized his homeland, Serveto escaped to Paris 
and subsequently to tutorials under Gunther, Sylvius, and Vesalius.2° 
Serveto developed his own theories on the pulmonary circulation, 
realizing that: 


a crimson color ... is generated, as said, by the mingling of the inspired air 
with the more subtle portion of the blood which the right ventricle of the heart 
communicates to the left. This communication, however, does not take place 
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through the septum, partition, or mid-wall of the heart, as commonly believed, 
but by another admirable contrivance, the blood being transmitted from the 
pulmonary artery (vena arteriosa) to the pulmonary vein (arteria venosa) by a 
long passage through the lungs, in the course of which it is elaborated, and 
becomes of a crimson color. 4989 


Serveto was burned at the stake for his critical views on the pul- 
monary circulation. 

Coining the term “circulation” (1569), Andrea Cesalpino (c. 1519 
to 1603) of Arezzo, Tuscany, Italy, actually published his descriptions 
of the pulmonary and the systemic circulations some 57 years before 
William Harvey did so.? His anatomic dissections led him to conclude 
that: 


The circulation of the blood, which takes place from the right ventricle to the 
left ventricle, in passing through the lungs, agrees quite exactly with the 
following facts. ... There are two vessels which end in the right ventricle, two 
in the left. One of the two is afferent, the other efferent.... The blood is 
conducted to the heart by the veins ... is carried by the arteries throughout 
the body ... the veins are engorged below a ligature, not above. Those who 
bleed patients are familiar with this experiment.!9* 


Cesalpino also recognized the role of venous valves in maintain- 
ing circulation: 


The passages of the heart are so arranged by nature that from the vena cava a 
flow takes place into the right ventricle, whence the way is open into the 
lungs. From the lungs, moreover, there is another entrance into the left 
ventricle of the heart, from which then a way is open into the aorta artery, 
certain membranes being so placed at the mouths of the vessels that they 
prevent return. There is a kind of perpetual movement through the heart 
and lungs into the aorta artery, as I have explained in my ‘Quaestiones 
Peripateticae. +70 


William Harvey (1578 to 1657) of Folkestone, Kent, received his 
Doctor of Physic in 1602 from the foremost medical school of the day, 
the University of Padua. He received his Doctor of Medicine degree 
from the University of Cambridge that same year and began practice 
in London. From Harvey’s first Lumleian Lectures to the College of 
Physicians in Surgery and Anatomy, manuscript notes reveal that 
Harvey had already formulated by 1616 his theory on the circulation: 


It is plain from the structure of the heart that the blood is passed contin- 
uously through the lungs to the aorta as by the two clacks of a water bellows 
to raise water. 

It is shown by the application of a ligature that the passage of the blood 
is from the arteries into the veins. 

Whence it follows that the movement of the blood is constantly in a 
circle, and is brought about by the beat of the heart. It is a question, therefore, 
whether this is for the sake of nourishment or rather for the preservation of 
the blood and the limbs by the communication of the heat, the blood cooled 
by warming the limbs being in turn warmed by the heart.?” 
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International acclaim followed his formal publication of De Motu 
Cordis in 1628. 


Stethoscopy 


Exactly 200 years after Harvey’s initial Lumleian Lecture, a 
French physician: 


walking in the court of the Louvre . . . saw some children, who, with their ears 
glued to the two ends of some long pieces of wood which transmitted the 
sound of the little blows of the pins, struck at the opposite end. ... He con- 
ceived instantly the thought of applying this to the study of diseases of the 
heart. On the morrow, at his clinic at the Necker Hospital, he took a sheet of 
paper, rolled it up, tied it with a string, making a central canal which he then 
placed on a diseased heart. This was the first stethoscope.” 


The Frenchman, of course, was Rene-Theophile-Hyacinthe 
Laennec (1781 to 1826). Laennec recalled fondly that: 


In 1816, I was consulted by a young woman labouring under general symp- 
toms of diseased heart, and in whose case percussion and application of the 
hand were of little avail on account of the great degree of fatness. ... I rolled 
a quire of paper into a sort of cylinder and applied one end of it to the region 
of the heart and the other to my ear, and was not a little surprised and pleased, 
to find that I could thereby perceive the action of the heart in a manner much 
more clear and distinct that I had ever been able to do by the immediate 
application of the ear. From this moment I imagined that the circumstance 
might furnish means of enabling us to ascertain the character, not only of the 
action of the heart, but of every species of sound produced by motion of all the 
thoracic viscera.®* 10% 


A myriad of modifications were made on Laennec’s stethoscope. 
Pierre-Adolphe Piorry (1794 to 1879) of Poitiers designed a more slen- 
der stem and attached a pleximeter in 1826.°° This was followed 3 
years later at Edinburgh Royal Infirmary by Nicholas P. Comins’ in- 
vention of the first flexible stethoscope.2” The physician who first 
completely described the murmurs of mitral stenosis,!°! Charles J. B. 
Williams (1805 to 1889) of London created a lead-tubed binaural 
stethoscope in 1843.'° Dr. Arthur Leared of London gave the first 
public exhibition of a binaural stethoscope at the 1851 World Fair.® 

That same year, Dr. Nathan B. Marsh received his US patent 
for stethoscopes having a “double branch connected with the main 
trunk, so as to enable persons to use both ears simultaneously.”” A 
distant forerunner of the phonendoscope,’’ Marsh’s stethoscope was 
inconvenient. One critic observed: 


Over the pectoral end of the instrument was stretched a membrane; two 
elastic tubes led from this to the ear. It is said that the ear pieces were 
inconvenient, and to use the instrument required both hands. It gave a muf- 
fled but loud sound caused by reverberation inside the instrument, due to the 
presence of the drum and the unequal bore.” 7 


Better control of reverberation was achieved by Aurelio Bianchi 
of Florence, who devised the phonendoscope in 1894. Bianchi pub- 
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lished details of this new instrument with Eugenio Bazzi the follow- 


the telephone. ... Two long rubber tubes with earpieces connectled] 
with the cavity of the instrument.’ A final modification in 1896 by 
Dr. H. B. Baruch of New York City affixed stethoscopic ear pieces to 
the ends of the rubber tubes of the phonendoscope. 

A year in the wake of the Baruch-Bianchi phonendoscope, in De- 
cember of 1897, Robert C. M. Bowles of Brookline, Massachusetts, 
filed for design and utility patents on the Bowles stethoscope.’’ Not 
until 1901 did Bowles receive the latter US patent for: 


a stethoscopic instrument provided with an exposed diaphragm adapted to 
make contact with the body of a person, and with a back having a concaved 
front face ... to form an air-chamber, and a substantially small curved sound 
delivery tube or pipe of substantially non-compressible material attached to 
said back near its center and extended toward the outer edge .. . to afford a 
smooth and unobstructed outlet for the sound-vibrations.'* 


Widely quoted in a report on the Bowles stethoscope in the Johns 
Hopkins Bulletin, Dr. Richard Clarke Cabot (1868 to 1939) character- 
ized the Bowles stethoscope as “a simple diaphragm like that of the 
telephone, connected with the chamber into which the tube of the 
stethoscope enters. With it one can hear sounds deeper in the chest 
than those heard with any other stethoscope.... One can hear as 
much of the heart sounds through the clothes with this instrument as 
with any other instrument next to the skin.”* As a leading Boston 
physician, Cabot helped lead a discussion of Harvey Cushing's 
“blood pressure observations ’“° at the program entitled “Consider- 
ation of Blood Pressure” held January 19, 1903.°° As both an authority 
in auscultation and a leading proponent of the recently marketed 
Bowles stethoscope, Cabot acquainted Cushing with Bowles’ instru- 
ment. Cabot’s enthusiasm about “the Bowles” was not lost on Harvey 
Cushing during the conference in Boston. 

Cushing returned to Baltimore, and within 28 months construc- 
tion was completed on his Hunterian Laboratory for Experimental 
Medicine.” Named after anatomist John Hunter, the “old Hunterian” 
was America’s first experimental surgical laboratory and also the vet- 
erinary hospital for Baltimore. However, the Hunterian’s name “mys- 


tified Baltimoreans who thought the term had reference to pointers, 
56 | 
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Figure 2. Harvey Cush- 
ings personal Bowles stetho- 
scope, the first precordial 
stethoscope. 





monitor after induction (that is, during maintenance of anesthesia) 
was unsatisfactory, because both Cushing and surgeon-anesthetist S. 
Griffith Davis were anxious to avoid the “dread stage of respiratory 
paralysis ... [and promote] quiet [respiration], with perhaps a very 
slight snore.”*” The binaural component of the Bowles stethoscope 
was not especially helpful in the operating room, because the anes- 
thesiologist needed one ear free for communications from operating 
room personnel. In fact, within a year, the Bowles would be relegated 
to detecting Korotkoff sounds under Riva-Rocci’s cuff.®! 

Over the next 12 months, Davis and Cushing sought to bring “a 
simple device ... into general use—namely, the continuous auscul- 
tation of cardiac and respiratory rhythm during the entire course of 
anesthesia.”?> This monitoring device would have to be useful in the 
prone and other awkward positionings of the neurosurgical patient. 
Cushing wrote: 


With a patient in this prone position it is difficult for the anesthetist to 
gauge fully the variations in cardiac action, and during the past six months Dr. 
Davis has employed in these, as in all other operations, [a very simple 
device]. 

The idea arose from a practice in the Hunterian Laboratory of auscultat- 
ing the heart during the production of experimental valvular lesions, and like 
other things has been carried from laboratory to clinic. The transmitter of a 
phonendoscope is secured by adhesive strips over the precordium and con- 
nects by a long tube with the anesthetist’s ear, where the receiver is held by 
a device similar to a telephone operator’s headgear. 

Uninterrupted information of the patient’s condition is thus given, and 
the anesthetist need not disengage a hand for the occasional palpation of the 
pulse, which is all that he is usually expected to do. On several occasions, by 
the prompt appreciation of change in the heart-beat or respiration thus ac- 
quired, it has been possible to avert what otherwise might have been surgical 
disasters.7° 
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Future monitors would avert intraoperative disasters by assessing 
changes in blood circulation by means of continuous modalities like 
sonic accumulation, phonocardiography, and esophageal stethoscopy 
and echocardiography. Cushing’s intraoperative auscultation with the 
Bowles stethoscope and Davis’ more practical precordial monitoring 
with the phonendoscope were harbingers of sound (and ultrasound!) 
monitoring practices to come. 


PULSATION 


The pulse is the rhythm of life. The radial pulse has predomi- 
nated as a diagnostic site for cardiovascular monitoring. 


Egyptian: The Heart Speaks 


As early as the “Old Kingdom” or “Pyramid Age” of the 30th to 
26th centuries BC, the Egyptians valued the pulse as a measure or 
monitor of health in the present life.’ Hieroglyphic phrases like “heart 
activity” and “the heart speaks” suggest the action of the pulse, and 
“counting” and “measuring” point to the likelihood that Egyptians 
counted pulse rate (Fig. 3). The 17th century BC saw the transcription 
of the first surgical textbook, the Edwin Smith Papyrus. This papyrus 


Hieroglyphics Transliteration Translation 


J LAN i {.t-yb © pulse 
C] | ("heart activity") 


e | heart d 
| @ A) mdw it speaks") 


a yp ? heart rate 
("counting") 
coet- 


Figure 3. Referring to the heart and the pulse, these Egyptian hieroglyphics were 
gleaned from The Secret Book of the Physician. 
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gave instructions on cardiovascularly assessing the neurologically in- 
jured patient: 


‘Thou examinest a man,’ [it means] counting any one——[like cou]nting 
things with a bushel. (For) examining (measuring) is [like] one’s [counting] a 
certain quantity with a bushel, (or) counting something with the fingers, in 
order to [know] . It is measuring things with a bushel which————one 
in whom an ailment is [cou]nted, like measuring the ailment of a man; [in 
order to know the action] of the heart. There are canals (or vessels) in it (the 
heart) to [every] member. Now if the priests of Sekhmet or any physician put 
his hands (or) his fingers [upon the head, upon the the back of the] head, upon 
the two hands, upon the pulse, upon the two feet, [he] measures [to] the heart, 
because its vessels are in the back of the head and in the pulse; and because 
[its pulsation is in] every vessel of every member. He says ‘measure’ regard- 
ing his [wound] because of the vessels to his head and to the back of his head 
and to his two feet his heart in order to recognize the indications 
which have arisen therein; meaning [to meas]ure it in order to know what is 
befalling therein.!° 


Chinese: The 12 Pulses 


The ancient Chinese elevated the taking of the pulse to an art. 
According to the Nei Ching, very early in the morning was the best 
time of day for taking the pulse “when the breath of Yin has not yet 
begun to stir and when the breath of Yang has not yet begun to 
diffuse... .”°* Generally, only the radial pulses were examined. The 
pulse diagnostician would examine a male patient’s left radial pulses 
prior to the right ones and a female’s right ones before her left. Each 
hand’s radial pulsation was divided into inch, bar and cubit regions, 
each of which could be palpated deeply (the internal or Yin pulse) or 
superficially (the external or yang pulse).'°4 Thus a total of 12 pulses, 
six on each hand, required monitoring (Fig. 4). Note that the Nei 
Ching and the European acupuncturists agree on the meridians or 
organ systems represented by the six deep or yin pulses; however, 
these sources disagree on the organs represented by the superficial 
pulses (Fig. 4). 

Acupuncture and moxibustion were developed as treatment mo- 
dalities for ministering to imbalances perceived in the 12 organ sys- 
tems or meridians. Modern European and Chinese acupuncture re- 
flects the evolution of Chinese pulse diagnosis after the dissemination 
of Mei Ching (“The Classic of the Pulse’), a ten-volume reference 
written by Wang Shu Ho (265 to 317 sc).*! 


Indian: The Ayurvedic Tridoshas 








In order to be in Tridhatus or a state of balance, the three life 
forces Vayu, Kapha, and Pitha must be in perfect balance. When they 
are imbalanced, these are referred to as the three faults or Tridoshas. 
To monitor a patient's health, the physician merely needs to palpate 
the radial pulse, the “Witness to the Soul.” 

Pulse anthologists Amber and Babey-Brooke summarize 
Ayurvedic pulse monitoring as follows: 
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| Left Wrist fF Location Right Wrist 


D. Heart i D. Lungs 

S. Smell Intestines t i Inch or T’sun S. Large Intestines 
E. Mediastinal E. Thoracic Organs 
D, Liver ; 

S. Gallbladder AR hacen - ee 

E. Diaphragm aunt 

D. Kidney D. Heart Constrictor 
S. Bladder R Cubit or Ch’ih S. Triheaters 

E. Abdomen E. Abdomen 


Figure 4. The 12 Chinese pulses included 6 yang or deep (D.) pulses and 6 yin or 
superficial ones. The original meridians represented by the superficial pulses have 
evolved from those of the Nei Ching (S.) to those of the modern European acupunctur- 
ists (E.). 


First, the pulse at the wrist or the radial pulse is the one that is usually 
preferred and is examined with three fingers. 

The male patient extends his right hand for his pulse to be taken, but the 
female extends her left hand. This practice is reversed in the Chinese tech- 
nique. 

The examiner uses the three fingers of his right hand: the index, the 
middle, and the ring finger or otherwise described as the second, third, and 
fourth fingers, and he places these three in a position two fingers in width 
below the root of the thumb. The physician uses his left hand to press the 
artery of the elbow and holds the patient’s hand in a slanting manner while he 
places his right hand in the manner described above. .. . A heavy pulse to the 
index finger shows air; to the middle finger shows fire; and to the ring finger 
shows water.... The pulse becomes fast with air, jumpy with fire, and slow 
with water.’ 


Greek: Observation of Pulse 


Praxagoras’ disciple, Herophilus (f. 315 Bc) of Chalcedon used a 
clepsydra, an Egyptian water clock, to measure pulse rate in Alexan- 
dria. He also delineated four cardinal properties of the pulse: fre- 
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quency, rhythm, size, and strength. With his phrase “pulsus 

caprizans, Herophilus likened the forcible pulse following an extra- 

systole to the leaping of a goat. Nearly 2,000 years would pass before 

ie would again monitor the pulse as accurately as Herophilus had 
one. 


Venous Access and Pulsations 


Forsaking Herophilus’ goat, Sir Christopher Wren experimented 
on dogs in 1656. Combining opium, wine, and ale inside a pig's blad- 
der, Sir Christopher Wren infused the mixture through a goose quill 
into a dog’s vein. Venous access was born! 

Fifty years later, public anxiety over a rash of sudden deaths in 
Rome prompted still further investigations of the venous system, its 
distention, and its pulsations. The following year, in 1707, Giovanni 
Maria Lancisi (1654 to 1720) published his observations on the asso- 
ciation of cardiomegaly with sudden death.® The brilliant Lancisi 
differentiated between cardiac dilatation and hypertrophy. By 1728 
he had correlated jugular venous distention with right heart 
dilatation. Lancisi’s careful examination of the jugular venous pul- 
sation and distention formed the basis for his discussion of tricuspid 
regurgitation. 


Direct Measurement of Pulsation 


Geddes has classified major early investigations of direct blood 
pressure measurement into mechanical, mechano-optical, electro- 
lytic, and strain-gauge manometry.” 

The Rector of Farringdon, Hampshire, and Minister of Tedding- 
ton, Middlesex, Reverend Stephen Hales began informal blood pres- 
sure investigations on the crural (femoral) arteries of dogs in 1708. 
Hales reported that “about six years afterwards I repeated the like 
Experiments on two horses, and a fallow Doe.” In his 1733 publica- 
tion Statical Essays, Hales renders “An Account of some Hydraulick 
and Hydrostatical Experiments made on the Blood and Blood-Vessels 
of Animals” with the following as “Experiment I’: 


In December I caused a Mare to be tied down alive on her Back, she was 
fourteen Hands high (56 inches), and about fourteen Years of Age, had a 
fistula on her Withers (shoulders), was neither very lean, nor yet lusty: Hav- 
ing laid open the crural Artery about three Inches from her Belly, I inserted 
into it a brass Pipe whose Bore was one sixth of an Inch in Diameter; and to 
that, by means of another brass Pipe which was fitly adapted to it, I fixed a 
glass Tube, of nearly the same Diameter, which was nine Feet in Length: 
Then untying the Ligature on the Artery, the Blood rose in the Tube eight 
Feet three Inches perpendicular above the Level of the left Ventricle of the 
Heart: But it did not attain to its full Height at once; it rushed up about half 
way in an Instant, and afterwards gradually at each Pulse twelve, eight, six, 
four, two and sometimes one Inch: When it was at its full Height, it would rise 
and fall at and after each Pulse two, three, or four Inches; and sometimes it 
would fall twelve or fourteen Inches, and have there for a time the same 
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Vibrations up and down at and after each Pulse, as it had, when it was at its 
full Height; to which it would rise again, after forty or fifty Pulses.”° 


Unwieldy as this long manometer was, Hales’ achievement was ¢ 
landmark in cardiovascular monitoring (Fig. 5). 

As part of his 1828 graduation dissertation, medical student Jean- 
Leonard-Marie Poiseuille (1799 to 1869), characterized his 
“hemodynamometer,” a compact, mercury-filled U-tube manometer 
whose hollow lead end contained potassium carbonate as an antico- 
agulant. While measuring canine blood pressure with his hemodyna- 
mometer, Poiseuille demonstrated variation of blood pressure with 
respiration. It was Poiseuille’s work that popularized mm Hg as units 
for measuring blood pressure.”! 

In order to disprove theories of a right-to-left heart temperature 
difference, Claude Bernard resurrected Hale’s long rod approach to 
vascular access in 1844. However, Bernard employed a long mercury 





Figure 5. Experiment I from Reverend Hales’ Statical Essays: the first direct 
measurement of blood pressure. 
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thermometer to cannulate first the equine carotid artery and left ven- 
tricle and then the internal jugular vein and right ventricle. At the 
horse's autopsy, Bernard learned that he had caused pericardial tam- 
ponade secondary to right ventricular perforation.® Thus Bernard was 
the first to demonstrate a major complication from central venous 
monitoring.’ 

A professor of anatomy, anatomy and physiology, and physiology 
at, respectively, Marburg, Zurich, and then Leipzig, Carl F. W. Lud- 
wig (1816 to 1895) pioneered the graphic method of investigation in 
1847. Sketching his new method of using the recording mercury ma- 
nometer with a smoked drum kymograph, Ludwig wrote that “In or- 
der to secure a good value from Poiseuille’s mercury manometer, and 
in order to get the time relations of the changes in pressure, put a 
staff-like float on the mercury at the upper end of which is a pointer. 
Let the fluctuations be written on a surface which passes by the 
pointer with uniform speed. In this way one secures curves, the 
height of which is an expression of the blood pressure and the dura- 
tion of which is an expression of time.”® 

Clinical and laboratory research continued with the manometer. 
During a surgical procedure in 1856, Faivre connected a patient’s 
femoral artery to a mercury manometer and found a direct arterial 
pressure of 120 mm Hg.?” By 1878 Golz and Gaule had added a dou- 
ble check valve to the manometer in order to obtain maximum and 
minimum blood pressure.” 

A different mechanical system for measuring pressures involved 
air transmissions through a double-lumen tube. Following work near 
Paris at the School of Veterinary Medicine at Alfort, Etienne-Jules 
Marey (1830 to 1904) and Chaveau crafted in 1861 this more rapidly 
responding pneumatic system. They observed, “One can be reassured 
of the innocuity of this method by examining the horse, who is 
scarcely disturbed, walks and eats as usual. In only a few instances is 
the pulse rate slightly increased, especially at the time of the cathe- 
ter’s introduction within the heart cavities.” These two investigators 
have been credited with reporting the first dysrhythmic complications 
of central venous access.” Note that neither scientist extended this 
catheterization to man. 

Fick published details in 1864 of yet another mechanical system, 
his C-spring recorder for blood pressure measurement, almost 15 
years after its basic principle had been elucidated. Back in 1849, a 
railway engineer, R. E. Schinz of Switzerland had designed a C- 
shaped, thin-walled, hollow metal tube which uncoiled as a gauge of 
increasing pressure.® Bourdon popularized the gauge of Schinz at the 
Academy of Science in 1853, and thereafter this coiled pressure gauge 
was known as the Bourdon gauge.'! The Bourdon gauge is still em- 
ployed today to register pressure from compressed gas cylinders. The 
biphasic wave resulting from Fick’s C-spring was disappointing, es- 
pecially in light of Landois’ work. In 1872 Landois demonstrated that 
a moving paper surface could be sprayed by the stream of blood puls- 
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ing from a fine needle that Landois placed in the tibial artery of a large 
dog. Recording not only systolic and diastolic pressures, Landois’ hem- 
autogram demonstrated the existence of the dicrotic notch.®? Four 
vears after Landois’ hemautogram, Fick built a straight-spring re- 
corder for measuring blood pressure.” 

A tremendous advance came in 1906, when Sir James Mackenzie 
(1853 to 1925) created the ink polygraph with the technical help of a 
watchmaker. Mackenzie recalled: 


In my early days when investigating the action of the heart, I attached a 
tambour to the upright stem of a Dudgeon sphygmograph in such a manner 
that I was able to obtain, at the same time as the radial pulse was being 
recorded, some other movement, as the jugular pulse, apex beat, or carotid. 
As, however, there was a good deal of inconvenience in the blackening and 
varnishing the papers, and as it was not possible to get a long tracing upon the 
heart's rhythm, I discarded this for the ink polygraph.'°” 


Progress was also being made in the field of human central vas- 
cular catheterization. Following his research on cirrhosis,’ Bleich- 
roeder reported having passed ureteral catheters into arteries and 
veins of both dogs and humans as early as 1905. He obtained inferior 
vena caval blood specimens near the hepatic vein for his cirrhosis 
research. Nonetheless, he “did not believe the experiments to be of 
any practical value and left them unpublished.” Bleichroeder’s cath- 
eterization experiments!’ appear to have preceded the published re- 
ports of Werner Forssmann who catheterized his own right heart with 
a 4 French ureteral catheter in 1929.¥ 

Meanwhile, a host of new technologies emerged. Mechano- 
optical systems were investigated first by Otto Frank* 5 and then by 
Wiggers. °? 0° Electrolytic manometry was explored by Grunbaum in 
1897°° and eventually by Garten in 1916.*” As early as 1876, Tomlin- 
son had published that stretching a wire produced a change in its 
electrical resistance.”! This basic principle behind strain-gauge ma- 
nometry remained available but unutilized for 66 years. Geddes has 
thoroughly and thoughtfully reviewed the complicated evolution of 
direct gauges of blood pressure.” 

By the end of the Great War, man had successfully cannulated 
arteries and central veins. Man had also begun to appreciate pulsa- 
tions on both sides of the heart. A grand frontier of discovery lay ahead 
and still lies ahead for invasive waveform monitoring. 


Indirect Measurement of Pulsation 


Having briefly examined direct gauges of pulsation, step back 
now to explore the more clinically applicable world of indirect gauges 
of pulse. Indirect measurement of blood pressure evolved from solid- 
to liquid- to gas-filled devices and eventually vacillated back and forth 
between liquid and gas. A professor of physiology at the University of 
Tubingen, Karl Vierordt (1818 to 1884) determined in 1855 the coun- 
terweight required to obliterate the human radial pulse.” Not until 
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1876 was the first practical arterial occluder, a water-filled bag or 
pelotte, devised by Ritter Samuel Siegfried K. von Basch of Germany 
(1837 to 1905).°° Von Basch studied only systolic pressure. Pierre- 
Carl-Edouard Potain of Paris (1825 to 1901) employed an air-filled 
pelotte.” By 1876 Etienne-Jules Marey of Paris (1830 to 1904) had 
reverted back to hydraulic counterpressure on the forearm.” In a final 
victory for pneumatics, Scipione Riva-Rocci designed his sphygmo- 
manometer in 1896 at the University of Pavia in Italy. The Riva-Rocci 
apparatus employed an air-inflated, arm-occluding cuff that was only 
5 cm wide.” 

That same year, 1896, Harvey Williams Cushing began his surgi- 
cal residency at Johns Hopkins Hospital. After completing, “in the 
house,” his 4 years under Halsted, Cushing travelled throughout Eu- 
rope during 1900 and 1901 to gain experience in clinical and experi- 
mental neurosurgery. While iceskating and mountain climbing for 
recreation during his Swiss winter with Kocher in Berne, Cushing 
developed a cough that nagged him through the spring. Hoping a 
warmer climate would improve his health, a reluctant Cushing 
boarded a train for Italy.°°*! 

Mankind was blessed indirectly by that nagging cough. After ar- 
riving in Pavia, Italy, Cushing recorded the following entry in his 
1901 diary: 


Pavia May 6 ... Ospidale di St. Matteo. Just back of the University. 
Riva-Rocci at his [Osstaldi] in Vargese. Rarely comes to hospital. Dali Ed- 
mondo Orlandi at present is first assistant. Very kind. Speaks German. Also 
next door Giovanni Grassi. Saw an O.P.D. Clinic in A.M. with a row of che- 
rubic Pavia girls with their fore arms bared having injections of iron. Blood 
pressure apparatus at all hands. Many of them in each ward. Orlandi has made 
a very simple one. Riva-Rocci’s apparatus is home made.24 


An excellent artist, Cushing sketched Riva-Rocci’s “sfigmo- 
manometro” in his diary for future reference (Fig. 6). Upon returning 
to Baltimore in September 1901, Cushing began insisting that blood 
pressures be measured and recorded intraoperatively.” That same 
month witnessed Cushing’s addition of blood pressure to the pulse/ 
respiration anesthetic record that Amory Codman and he had pio- 
neered while medical students at Harvard.°°?° 

Thus by the close of 1901, Cushing had transported the Riva- 
Rocci sphygmomanometer from Italy, Einthoven had reported his 
string galvanometer, and Bowles had received a patent for his stetho- 
scope. The stage was now set for adding continuous modalities like 
precordial and electrocardiographic monitoring to Cushing’s modern 
anesthetic record, 

The history of cardiovascular monitoring has walked hand in 
hand with man’s need through the centuries to assess patients with 
head injuries. Who but the neurotraumatized patient can bear such 
mute testimony to cardiovascular instability? It was no accident that 
ancient Egypt's Secret Book of the Physician was gleaned from the 
neurosurgical section of the Edwin Smith Papyrus almost 37 centuries 
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Figure 6. Harvey Cushing's rough sketch of Riva-Rocci’s “sfigmomanometro.” 
(Courtesy of Yale University.) 


ago. Nor was it accidental that the first physician to incorporate pre- 
cordial and sphygmomanometric monitoring into anesthetic practice 
was none other than the consummate neurosurgeon, Harvey Williams 
Cushing. 
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The choice of appropriate preoperative cardiovascular monitoring 
and diagnostic testing should be based on an adequate knowledge of 
the incidence and characteristics of perioperative cardiac mortality 
and morbidity. As well, the clinician should be familiar with the 
known risk factors for its occurrence. Although some of these concepts 
are summarized in this article, the reader is referred elsewhere for a 
more comprehensive review.” The following discussion deals with 
several commonly accepted, as well as some recent developments in, 
monitoring and diagnostic techniques. The emphasis is on those crit- 
ically evaluated by clinical studies, especially in relation to patient 
outcome. The majority of the studies cited involve major noncardiac, 
especially vascular, surgery. The theoretical basis of each modality is 
presented, followed by a review of the relevant clinical studies. 


ELECTROCARDIOGRAPHIC MONITORING TECHNIQUES: 
TWELVE-LEAD ECG, AMBULATORY ST-SEGMENT 
MONITORING, AND EXERCISE STRESS TESTING 


Theoretical Basis 


Electrocardiographic techniques allow the clinician to evaluate 
the patient from several different perspectives. The 12-lead resting 
ECG provides important information regarding acute or prior myocar- 
dial infarction, as well as other important morphologic characteristics 
(ventricular hypertrophy, conduction abnormalities, etc.). The exer- 
cise stress test, also usually performed using 12 leads, provides a 
relatively sensitive means to detect coronary artery disease (CAD). 
The type of ECG response provides important prognostic information. 
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Ambulatory ST-segment monitoring, currently limited to three leads, 
may provide important information on the frequency and nature of the 
ischemic pattern, even in the absence of symptoms. The latter tech- 
nique, which has gained substantial popularity in recent years, is now 
being investigated in the perioperative setting. 

Interpretation of ECG data is critically dependent on the preva- 
lence of CAD in the population being studied.® Application of these 
techniques to younger age groups, females, and asymptomatic indi- 
viduals is likely to yield a higher incidence of false-positive re- 
sponses. In patients with or at high risk for CAD, accuracy increases 
substantially.'* However, even in this group many factors may affect 
sensitivity and specificity,'*”* including physiologic changes (elec- 
trolyte, temperature, respiratory, or other metabolic changes), medi- 
cations (digoxin), and abnormal baseline ECG morphology (Q waves, 
resting ST-T abnormalities, ventricular hypertrophy, conduction ab- 
normalities). 

The sensitivity of Q-wave abnormalities on the resting 12-lead 
ECG for the presence of autopsy-verified myocardial infarction ranges 
from 33 to 62 per cent, while the specificity ranges from 88 to 98 per 
cent.”* The presence of Q waves or ST-segment elevation correlates 
well with akinetic regions detected by contrast ventriculography, al- 
though coronary artery localization is not precise.*?) The number of Q 
waves correlates with the degree of ventricular dysfunction following 
myocardial infarction.” Other characteristics such as ST-T abnormal- 
ities, changes in R-wave voltage, QRS axis, and R/S ratio correlate 
poorly with wall motion.’ 

ST-segment depression of the appropriate magnitude during ex- 
ercise (>1 mm horizontal or downsloping, 1.5 mm slowly upsloping) 
in a patient population with high disease prevalence is a sensitive 
marker of CAD, although coronary artery localization is poor.'4 Lead 
Vs is the most sensitive lead for detecting ischemia during stress test- 
ing and ambulatory monitoring, as well as in the operating room. !?37 
The sensitivity of ST depression for the detection of CAD on exercise 
treadmill testing ranges from 56 to 81 per cent, while its specificity 
ranges from 72 to 96 per cent depending on the testing protocol. Its 
sensitivity increases with the number of diseased vessels (one vessel 
= 40 to 84 per cent, two vessels = 63 to 91 per cent, three vessels = 
79 to 100 per cent).’*'* The accuracy of a positive treadmill test is 
increased in older patients, patients with multiple clinical risk factors, 
exercise-induced angina, inadequate blood pressure response during 
exercise, or ST depression occurring in multiple leads.!*!4 

A number of recent studies have documented that patients with 
stable angina have frequent episodes of significant ST depression, 
often for prolonged periods, during daily life. The majority of these 
episodes occur in the absence of chest pain (75 per cent) and with 
normal heart rates.’ Reduction of coronary blood flow during both 
symptomatic and asymptomatic ST depression has been demonstrated 
using rubidium positron tomography. The majority of ischemia in 


PREOPERATIVE CARDIOVASCULAR MONITORING 685 


these patients is thought to be caused by cyclical changes in coronary 
vasomotor tone.!® Patients with unstable angina are more likely to 
manifest ST elevation, indicative of severe transmural ischemia. “!° In 
contrast, ST elevation is very rare in patients with stable angina. Dur- 
ing unstable angina, patients with concurrent silent ischemic epi- 
sodes have a poorer prognosis than those without.*? However, the 
prognostic significance of silent ischemic episodes in patients with 
stable angina alone is controversial.” 


Clinical Studies 


There are few well-designed prospective studies on the value of 
the routine preoperative ECG. In a retrospective study, Rabkin found 
that although new Q waves were detected in 2 to 3 per cent of patients 
over the age of 60 (over a mean interval of 25 months prior to surgery), 
no operations were delayed because of these findings.*”*° In a recent 
prospective study of 198 patients undergoing elective major noncar- 
diac surgery, Carliner et al’! found that ST-T abnormalities and intra- 
ventricular conduction delay (IVCD) (QRS greater than or equal to 
0.10 seconds) occurred more frequently in those with complicated 
versus uncomplicated courses (82 versus 59 per cent and 24 versus 7 
per cent, respectively). ST-T abnormalities were sensitive (82 per 
cent) but not specific (41 per cent), while [VCD was specific (93 per 
cent) but not sensitive (24 per cent). The large number of false posi- 
tives associated with ST-T abnormalities and false negatives associ- 
ated with IVCD make these findings of little value in directing a more 
detailed preoperative work-up. Indeed, although 63 per cent of these 
patients had an abnormal ECG, only 3 per cent had major cardiac 
complications. Further prospective studies are needed to assess the 
impact of new ECG findings on clinical management. 

Evidence of recent myocardial infarction may place the patient at 
increased risk for reinfarction in the postoperative period.2> Data 
from the Framingham study indicate that more than 25 per cent of all 
infarctions are clinically silent, being detected only by routine bien- 
nial ECGs.” Thus, it is reasonable to screen all patients at risk (men 
over 40 and postmenopausal women). 

Studies of vascular surgery patients suggest that an ischemic re- 
sponse or low exercise ca pacity on treadmill testing is predictive of 
poor outcome. Cutler et al’° found the highest infarction and mortality 
rate in this group (a 27 per cent infarction rate, and a 19 per cent 
mortality rate), with intermediate risk in patients with an ischemic 
response but normal exercise capacity or in those with low exercise 
capacity alone. No complications occurred in patients with a normal 
test. Von Knorring,” in a prospective study of 105 patients exercised 
on a low-level protocol, reported a positive ischemic response in 25 
per cent of patients. In this group, there was a 69 per cent perioper- 
ative cardiac complication rate, consisting primarily of transient intra- 
operative and postoperative ischemic ECG changes. Carliner et al'® 
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found routine exercise testing in a relatively low-risk group to be no 
more predictive than changes on a resting preoperative 12-lead ECG. 
Gerson et al”? found the inability to exercise for more than 2 minutes 
to be the most sensitive predictor of outcome in elderly patients un- 
dergoing major surgery. These studies provide suggestive, but by no 
means conclusive, evidence that limited exercise capacity or mark- 
edly positive preoperative stress tests identify a subgroup of patients 
at increased risk for perioperative complications presumably due to 
advanced CAD or markedly impaired ventricular function. 

Currently, there are few studies that have evaluated the impor- 
tance of the preoperative ischemic pattern (the frequency, duration, 
and magnitude of ischemic episodes) detected by ambulatory ST- 
segment monitoring. In patients on maximal medical therapy about to 
undergo coronary artery bypass grafting, we have shown that 42 per 
cent of preoperative patients had ECG ischemic episodes, 87 per cent 
of which were clinically silent.” In this group, intraoperative ische- 
mia was over four times more common than in those without preop- 
erative ischemia. Assessment of a patient’s ischemic pattern may have 
significant implications for preoperative medical therapy. As well, 
introduction of microprocessor driven, interactive, real-time ambula- 
tory ST-segment monitors capable of on-line digitization and analysis 
of ischemic episodes with sophisticated disclosure capabilities will 
undoubtedly accelerate research in this area.” 


MYOCARDIAL PERFUSION IMAGING 


Intravenous injection of short-lived cationic radioisotopes, ex- 
tracted from the bloodstream and transported into viable cells by the 
membrane sodium-potassium adenosine triphosphatase pump sys- 
tem, allows evaluation of cellular viability and regional blood flow.?”” 
Thallium 201, with a half-life of 72 hours, is most commonly used for 
imaging. Other shorter lived isotopes, such as rubidium 81, which 
allow more frequent repeated measurements, are available only in 
research settings.” The extraction of thallium 201 from blood is lin- 
early related to blood flow. Thus, shortly after injection it is rapidly 
distributed throughout the myocardium in proportion to regional cor- 
onary blood flow. Marked reduction in regional blood flow will result 
in a defect on initial (early) imaging. Differences in the rate of thal- 
lium clearance between normal (rapid clearance) and underperfused 
(slower clearance) areas result in the phenomenon of redistribution. 
This is defined as a relative increase in regional thallium concentra- 
tion in images obtained several hours after injection. A defect present 
on initial imaging that does not redistribute on delayed imaging is 
believed to represent an infarcted region. However, false-positive re- 
sults can occur (that is, in cardiomyopathies).*” Areas exhibiting re- 
distribution are believed to represent ischemic or “jeopardized areas” 
of myocardium. 

The ability of thallium imaging to distinguish between a region 
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onary blood flow may remain normal distal] to the stenosis, even when 
diameter narrowing is reduced by 85 to 90 per cent. Thus, no defect 
will be evident on the thallium image in the distribution of the dis- 
eased vessel. However, with coronary vasodilation (exercise, isch- 
emia, or with vasodilators such as adenosine or dipyridamole), the 
ability of the compromised region to increase flow (coronary vascular 
reserve) is severely limited and disparity in regional flow occurs. This 
allows differentiation between zones on imaging. In general, a 2 to 
1 flow ratio between zones is required when using thallium. As 
little as a 15 per cent difference can be detected using more sophis- 
ticated techniques such as positron imaging. Therefore, imaging per- 
formed at rest will have very low sensitivity, while that done after 
exercise stress or pharmacologic vasodilation has much greater sensi- 
tivity. Guidelines for the optimal use of this technology have recently 
been published.®! 


DIPYRIDAMOLE THALLIUM IMAGING 


Theoretical Basis 


Dipyridamole is a potent coronary vasodilator when given intra- 
venously (0.56 mg per kg over 4 minutes) or even orally in the appro- 
priate dosage (300 mg). Coronary blood flow may increase 2.4 to 5 
times from the baseline value with only a slight increase in cardiac 
output (1.3 times). These findings contrast with the threefold maximal 
increase possible with maximal exercise stress (which requires a 
three- to fivefold increase in cardiac output). These features have 
made this test an attractive alternative to exercise stress testing in 
patients who cannot exercise due to orthopedic limitation, severe 
claudication, or in those with limited ability to increase cardiac out- 
put. With the use of dipyridamole, redistribution may occur with le- 
sions as small as 40 to 60 per cent diameter narrowing.”’ A unique 
feature of the action of dipyridamole on the coronary circulation is the 
complete antagonism of its vasodilation by low doses of intravenous 


in Figures | and 2. 


Clinical Studies 


Medical Populations. The popularity of this test has increased 
dramatically since its predictive value over a number of predischarge 
clinical variables was demonstrated by Leppo et al in survivors of 
acute myocardial infarction.” The probability of adverse outcome was 
elevated fivefold in patients with redistribution. Although the test was 
extremely sensitive in predicting poor outcome (92 per cent), its spec- 
ificity was low (44 per cent). However, of the 24 patients subsequently 
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Figure 1. A representative testing protocol for dipyridamole-thallium imaging 
with all possible results is shown. Following administration of dipyridamole (0.56 mg 
per kg over 4 minutes), thallium 201 is injected (usually within 3 to 5 minutes) and 
imaging is begun (depicted here as 5 minutes delayed images). The patient then returns 
after 2 to 3 hours for the late delayed imaging by which time redistribution will have 
had time to occur. (From Brewster DC, Okada RD, Strauss HW, et al: Selection of 
patients for preoperative coronary angiography: Use of dipyridamole-stress-thallium 
myocardial imaging. J Vase Surg 2:504~510, 1985; with permission.) 


readmitted for angina, 22 exhibited redistribution on their predis- 
charge scan. 

In clinical studies, the sensitivity of the test for detecting CAD 
ranges from 85 to 93 per cent with a specificity from 64 to 80 per cent. 
Because the uptake and clearance of thallium have been found to 
differ from thallium kinetics during exercise stress, computerized 
quantitation used to enhance the sensitivity of exercise-thallium stud- 
ies is not possible.“ Thus, at the present time, interpretation is lim- 
ited to a qualitative analysis. 

Although the test has been found to be relatively safe, side effects, 
and in rare instances, major complications can occur. Thus, adherence 
to the same safety guidelines as exercise stress testing is recom- 
mended.* In the largest reported series to date (n = 239), Homma 
et al*® reported chest pain in 26 per cent, ischemic ST depression in 
20 per cent, and transient arrhythmias in 19 per cent. Aminophylline 
was required in 70 per cent of those with chest pain. Noncardiac side 
effects, including headache, dizziness, and nausea, were present in 4 
to 11 per cent. In patients taking aminophylline, it must be held for at 
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Figure 2. Actual dipyridamole-thallium scan illustrating an area of redistribution 
of “jeopardized myocardium” (inferoapical region). ANT = anterior view, LAO = left 
anterior oblique view. (From Brewster DC, Okada RD, Strauss HW, et al: Selection of 
patients for preoperative coronary angiography: Use of dipyridamole-stress-thallium 
myocardial imaging. J Vasc Surg 2:504—510, 1985; with permission.) 


least 24 hours before the test, and pulmonary function may worsen. In 
this series one patient developed severe bronchospasm, although 
there were no deaths or myocardial infarctions. This group now rou- 
tinely administers aminophylline (50 mg) 20 minutes into the study 
(after peak vasodilation) in all patients. Ventricular fibrillation in one 
patient, and severe myocardial ischemia requiring emergency coro- 
nary angioplasty in another, have also been reported anecdotally.*° 

Hemodynamic effects of dipyridamole include a mild decrease in 
systolic blood pressure (mean 12 mm Hg) and increase in heart rate 


(mean 9 bpm) occurring 6 minutes after injection.”° In an elderly 
population (54 patients over age 65), attenuation of the heart rate 
response as well as a delayed decrease in systolic pressure has been 
noted. Suprisingly, the incidence of side effects was similar to that of 
a group of younger patients.” 
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Surgical Populations. The value of this test in vascular surgery 
patients who are at increased risk for perioperative cardiac complica- 
tions has been assessed at several centers. The results of four clinical 
series are summarized in Table 1. Although all are prospective, none 
were blinded or randomized, which complicates their interpretation. 

Boucher et al? studied patients with stable CAD undergoing elec- 
tive vascular surgery. Those with recent myocardial infarction, unsta- 
ble angina, congestive heart failure, or severe systemic illness were 
excluded. Six patients underwent preoperative coronary angiography 
based on the abnormal scan results. Of the remaining 48, 16 had thal- 
lium redistribution and 12 had persistent defects. All eight cardiac 
events (myocardial infarction or unstable angina) occurred in those 
with redistribution. No events occurred in patients with normal scans 
or persistent defects. Thus, while the test was very sensitive (100 per 
cent) and specific (80 per cent), its positive predictive value was low 
(50 per cent). However, exclusion of the six patients before surgery, 
all of whom had multivessel disease, may have been responsible in 
part for the low predictive value (that is, these patients might have had 
complications). 7 

Cutler and Leppo’’ found that all postoperative events (nine 
myocardial infarctions with no deaths) were predicted when the scan 
demonstrated two or more ischemic segments. Patients with one isch- 
emic segment, partial redistribution, or persistent defects were not at 
increased risk. No events occurred in the 62 patients with normal 
scans. Based on clinical and scan results, 20 patients underwent pre- 
operative angiography. Of these, the six with the greatest number of 
ischemic segments underwent coronary artery bypass grafting, with 
one death after coronary artery bypass grafting, while one died from a 
ruptured aneurysm before coronary artery bypass grafting, and nine 
had no operation. Surprisingly, the infarction rate for patients under- 
going aortic vascular surgery in this series (26 per cent) was very high. 

Leppo et al** compared the utility of this test with exercise tread- 
mill testing as well as other clinical variables. Fourteen of the 15 
myocardial infarctions occurred in patients with redistribution, three 
of whom had positive treadmill tests. Of the 89 patients who under- 
went surgery, thallium redistribution was the most significant predic- 
tor of risk, although ST depression during dipyridamole infusion and 
a history of diabetes were weaker yet independent predictors. All 
three factors increased the relative risk 30-fold. Thallium redistribu- 
tion was found to be more sensitive than abnormal results on exercise 
testing. Surprisingly, none of the clinical variables correlated with the 
presence of thallium redistribution. 

Eagle et al”° tested its role as a routine screening test in patients 
undergoing vascular surgery. They concluded that it is best reserved 
for patients with one or more clinical risk factors (angina, history of 
infarction, congestive heart failure, diabetes, or Q wave on ECG). In 
a validation set of 50 patients, there were no postoperative ischemic 
events in 6 of the 23 low-risk patients with redistribution. In the 27 
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with clinical risk factors, 8 of 18 with redistribution had adverse out- 
comes. In contrast to the findings of Cutler et al, analysis of the pattern 
or degree of redistribution added little to prediction. ! 

These studies suggest that redistribution on dipyridamole thal- 
lium imaging is a sensitive predictor of adverse outcome. However, its 
ultimate value will be dependent on the complication rates present at 
a given institution. In settings with low complication rates (lower than 
those in Table 1), it is less likely to be of value. The low specificity 
(high false-positive rate) suggests that other key factors in addition to 
ischemia, as yet undetermined, are important. Indeed, none of these 
studies has assessed the importance of the intraoperative and early 
postoperative period. Our preliminary studies in high-risk patients 
primarily undergoing vascular surgery suggest that either fixed or re- 
distributed segments are sensitive indicators for the development of 
intraoperative ischemia, detected by continuous 12-lead electrocardi- 
ography or two-dimensional transesophageal echocardiography.*% 


ASSESSING LEFT VENTRICULAR EJECTION FRACTION 


Theoretical Basis 


Although left ventricular function can be assessed by physical 
examination, chest roentgenogram, or precordial echocardiography, 
radionuclide methods are the most accurate and are easily performed. 
The most commonly used technique, equilibrium gated blood pool 
radionuclide angiography, uses the multigated acquisition approach 
(MUGA) to provide composite images over a 2- to 10-minute period by 
gating to the QRS complex.*! It allows determination of right and left 
ventricular volume, ejection fraction, regional wall motion, and pul- 
monary blood volume. The use of technetium-labeled red blood cells 
allows imaging over several hours. Less commonly used is “first pass” 
radionuclide angiography, which uses rapidly acquired image frames 
to trace a bolus of technium 99 as it passes through the right and left 
heart. Due to the rapid disappearance of the technetium 99, this 
method allows repeated injections over short time periods. Thus, the 
effects of acute maneuvers may be better observed. Since gated blood 
pool imaging provides higher resolution images, it is more widely 
used. 


Clinical Studies 


There is abundant evidence demonstrating that impairment of 
left ventricular function following acute myocardial infarction is asso- 
ciated with poor long-term survival. The Multicenter Postinfarction 
Research Group followed 866 patients from 1 to 3 years postin- 
farction.??°* Four independent predictors of mortality were identi- 
fied, three of which are measures of ventricular function: advanced 
New York Heart Association Classification prior to infarction, rales in 
upper lung fields while in the Critical Care Unit, and radionuclide 
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ejection fraction less than 0.40 prior to discharge. The fourth, ventric- 
ular ectopy of 10 or more per hour, although statistically independent, 
imparts lower risk. Patients with the two strongest risk factors, rales 
and ejection fraction less than 0.40, had an eightfold mortality risk and 
those with four factors, a 2-year mortality of 60 per cent (Fig. 3). Even 
in patients with resting ejection fraction greater than 0.40, the inabil- 
ity to maintain or to increase ejection fraction by at least 0.05 predicts 
the presence of multivessel CAD. 

In surgical patients, indirect measurements of ventricular func- 
tion such as physical signs of congestive heart failure are significant 
predictors. Goldman found an S}, gallop or the presence of jugular 
venous distention to be the most important of the multivariate 
predictors.” Curiously, other signs and symptoms consistent with 
congestive heart failure, most notably cardiomegaly, were insignifi- 
cant. In this series, postoperative pulmonary edema in elderly pa- 
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Figure 3. The importance of ventricular function, determined prior to hospital 
discharge, in determinig long-term survival in a large series of medical patients follow- 
ing acute myocardial infarction is illustrated. (From The Multicenter Postinfarction 
Research Group: Risk stratification and survival after myocardial infarction. N Eng] J 
Med 309:331-336, 1983; with permission.) 
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tients undergoing aortic vascular or abdominal surgery was associated 
with a 40 per cent cardiac mortality. Patients with prior infarction, 
congestive heart failure, and concurrent angina have been shown to 
be at substantially increased risk for recurrent postoperative 
infarction. *” 

Several recent studies have documented the importance of left 
ventricular ejection fraction in predicting outcome. In two series, Pas- 
ternack and coworkers reported on a total of 150 patients undergoing 


either abdominal aortic aneurysm resection (n = 50) or lower ex- 
tremity revascularization (n = 100) who had preoperative determi- 


nation of ejection fraction. **® Ejection fraction was found to be a 
sensitive predictor of outcome (Fig. 4). There were no postoperative 
infarctions in patients with ejection fraction greater than 55 per cent. 
In those with ejection fraction from 55 to 35 per cent, 19 per cent had 
myocardial infarction (one death) and in those with ejection fraction 
from 35 to 25 per cent, 77 per cent had myocardial infarction (two 
deaths). However, it is interesting that all but one of the myocardial 
infarctions were nontransmural and the mortality rate (3/22 = 14 per 
cent) was very low for this setting. Gerson et al™ prospectively stud- 
ied 155 asymptomatic patients over the age of 65 undergoing elective 
abdominal or thoracic surgery. On univariate analysis resting ejection 
fraction less than 35 per cent was a significant risk factor, while mul- 
tivariate analysis confirmed only the inability to exercise for 2 minutes 
to raise the heart rate above 99 bpm as significant. Although the me- 
dian ejection fraction in patients with cardiac complications was lower 
(42 per cent) than in those without (63 per cent), there was substantial 
overlap. Thus, ejection fraction may be a more sensitive predictor in 
vascular surgery patients than in general surgery patients. 


Incidence of Perioperative MI 





History of History of ECG Evidence EF «35% 
Prior MI Angina of Prior MI 
(6/23) (4:11) (6:13) (4:5) 


Figure 4. The incidence of clinical risk factors and ejection fraction determined 
by radionuclide angiography (MUGA) among the eight patients who developed post- 
operative myocardial infarction following abdominal aortic aneurysm (total n = 50) is 
shown. The fractions represent the number of patients with MI divided by the total 
number of patients in the series with that risk factor. (From Pasternack PF, Imparato 
AM, Bear G, et al: The value of radionuclide angiography as a predictor of perioperative 
myocardial infarction in patients undergoing abdominal aortic aneurysm resection. J 
Vase Surg 1:320-325, 1984; with permission.) 
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Once reduced ejection fraction is detected, attempts should be 
made to optimize ventricular function using standard medical therapy 
(digoxin, diuretics, vasodilators). In patients with associated three 
vessel CAD, in whom chronic ischemia may cause chronic ventricular 
dysfunction, myocardial revascularization has been shown to enhance 
survival and should be considered preoperatively. Patients undergo- 
ing major procedures (intra-abdominal, aortic vascular, or intra- 
thoracic) should be monitored closely with intra-arterial and pulmo- 
nary artery catheters intraoperatively and postoperatively. Acute rise 
in pulmonary artery wedge pressure, which may reduce coronary per- 
fusion pressure and cause subendocardial ischemia, should be 
avoided and if it occurs, aggressively treated. The selective use of 
vasodilators such as nitroglycerin, alone or in combination with ino- 
tropes, may be indicated. 

Several studies suggest that aggressive preoperative monitoring 
protocols including pulmonary artery catheterization and cautious 
volume loading, may enhance preoperative ventricular function and 
decrease postoperative morbidity in high-risk patients (vascular sur- 
gery or elderly patients). However, the uncontrolled, nonrandomized 
design of these studies greatly limits their interpretation.''°°' The 
added cost of additional intensive care utilization as well as the he- 
modynamic and psychological stimulation associated with catheter- 
ization and intensive care stay have not been adequately evaluated. In 
general, we limit this type of intervention to patients with poorly 
controlled congestive heart failure requiring urgent or semiurgent 
aortic or lower extremity revascularization. Further prospective, ran- 
domized studies are needed to resolve this issue. 


SUMMARY 


Clinicians have available to them a variety of preoperative 
screening and monitoring techniques allowing detection of CAD, in- 
farction, and evaluation of ventricular function, factors that have been 
shown to correlate with postoperative cardiac morbidity. Electrocar- 
diography has been the traditional mainstay for detecting CAD. The 
increasing use of ambulatory ST-segment monitoring should ensure 
its importance for the foreseeable future. The use of techniques that 
unmask CAD by increasing myocardial oxygen demand, or by use of 
pharmacologic vasodilation to induce regional] differences in coronary 
blood flow, have greater sensitivity than tests performed in the resting 
state. Dipyridamole-thallium imaging, attractive due to its application 
to patients unable to exercise, has grown in popularity. Although it 
may be a sensitive predictor of adverse outcome or intraoperative 
ischemia, evidence suggests that it has little value as a routine screen- 
ing tool. Evaluation of left ventricular function is possible using many 
different techniques, although radionuclide angiography is the most 
sensitive. Low ejection fraction, especially below 0.40, identifies a 
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subgroup of patients at high risk. Aggressive therapy of myocardial 
ischemia or congestive heart failure, identified by these techniques, 
may enhance perioperative survival in these patients. Preoperative 
assessment remains the cornerstone of perioperative care. 
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Electrical Safety and 
Device Calibration 


J.C. Horrow, MD,* and David T. Seitman, MDT 


The safety of electrical energy is taken for granted. This lax atti- 
tude has been made possible by the efforts of many safety and regu- 
latory agencies that oversee the aspects of electrical power supply, 
wiring, and device construction. Based on the safety of household 
electricity, one can understand the confidence with which physicians 
have embraced use of electrically powered devices in the operating 
room environment in the last 15 years. But the hazard of electric shock 
to patients and to operating room personnel is not insignificant. 
Therefore, additional measures have been undertaken to increase 
safety in the operating room. To understand the nature of and ratio- 
nale for the special electrical construction in the operating room, we 
must first review the scientific basis of electric power, the pathophys- 
iology of electrocution, and how electricity is supplied to households 
and hospitals. 


THE BASIS OF ELECTRICITY 


Current flows only when a circuit is closed. A closed circuit pro- 
vides an unbroken loop-like path for electrons to travel from their 
source and back to it. The magnitude of current, measured in cou- 
lombs per second, or Amperes, depends on the driving “force” for 
electrons (the voltage) and the resistance to current flow, measured in 
ohms. This is analogous to the well-known simplified expression for 
the flow of blood in the body: cardiac output in liters per minute 
equals the net driving pressure (mean arterial pressure less central 
venous pressure) divided by the resistance to flow (systemic vascular 
resistance) (Fig. 1). 

One can touch a source of high potential with impunity as long as 
no path exists for current to return to its source. It is easy to under- 
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a Figure 1. The cardiovascular 
analogy of Ohm’s law. The po- 
tential difference across a volt- 
age source, designated here as V 
volts, is analogous to the pres- 
sure differential (MAP-CVP) 
driving blood through the body. 
The device load (R) measured in 
ohms, is analogous to the resis- 
tance to flow provided by the 
vasculature, the systemic 
vascular resistance (SVR). Electrical charge (measured in coulombs) and liters of blood 
are analogues. Liters of blood flow per minute, the cardiac output (CO), corresponds to 
the flow of charge (I) measured in coulombs per second, or amperes. Just as CO = 
(MAP-CVPYSVR, in the electrical circuit I = V/R. 





stand the path current takes when one grips the “hot” power wire in 
one hand and the grounded one in the other (Fig. 2). Since our devices 
are powered by alternating current (AC), there are many instances 
when one would presuppose safety when in fact a hazard exists. When 
AC passes near electrical conductors, capacitive coupling occurs, cre- 
ating pathways for current where none is presumed to exist (Fig. 3). 
All devices have a “leakage” current associated with them due to 
capacitive coupling. It is particularly important for a device chassis 
(its housing) to be electrically neutral (out of the circuit), since people 
touch it. 


PATHOPHYSIOLOGY OF ELECTROCUTION 


Electrical energy can be harmful by causing skin burns or by 
fibrillating the heart. The former topic will be discussed in the section 


Figure 2. A complete cir- 
cuit exists for current flow. Be- 
ginning at the source of power, Hot 
current flows via the hot con- 


ductor wire into the victim’s 

right hand, up the arm, across 110 V (=) 
the chest, down the left arm, 

then via the grounded conduc- 

tor wire, back to the source. The Grounded 
magnitude of current flow de- 

pends on the resistance pro- 

vided by the victim. A transtho- 

racic resistance of 1000 ohms is 

commonly obtained with wet 

hands. Ohm’s law states that the 

resulting current will be 110 V/ 

1000 ohms = 110 mA, enough 

potentially to cause fibrillation. 
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Figure 3. Two conductors 
in proximity form a capacitor. 
Although charge itself does not 
pass across a capacitor (unless 
the capacitor is damaged), alter- 
nating current flows back and 
forth around it. A capacitor ere- 
ates a formidable barrier to flow 
of very low-frequency current: 
direct current is totally blocked, 
High-frequency current passes 
Chassis easily in circuits with capaci- 
tors. Circuit elements in devices 
in proximity will necessarily 
have capacitive coupling. Be- 
cause the effective capacitance 
is small and the frequency rela- 
tively low (60 Hz), tiny currents 
_ Ground are generated. They are usually 
of little concern. 


Capacitive 
Coupting 


Grounded 





on electrocautery. Direct current is used to defibrillate the heart. It 
works by the simultaneous depolarization of all myocardial tissue. 
Alternating current, however, can induce fibrillation. t} "! When 
sufficient current of a given frequency traverses the myocardium, the 
orderly sequence of depolarization is disturbed, with fibrillation re- 
sulting. What constitutes a sufficient current? That depends on the 
entry point: for a small current applied via a fluid-filled catheter 
touching the myocardium, 50 pA may suffice. For currents passing 
through the trunk from the body surface, 100 to 2500 mA is re- 
quired.” The threshold value of fibrillating current is also frequency 
dependent.’’ The heart is most sensitive to current at 60 Hz (Fig. 4), 
which is the frequency of household current. Currents smaller in mag- 
nitude than the fibrillation threshold cause other effects. For example, 
muscular stimulation occurs when 16 mA is applied across the trunk. 
Above this current level, contraction of flexors in the hands prevents 
an electrocution victim from releasing a gripped conductor, a vexing 
problem indeed! 


HOUSEHOLD ELECTRICAL CONVENTIONS 


Electrical power is supplied to homes, hospitals, and industry as 
alternating current because the loss of power over transmission lines 
with AC is much less than it is with direct current. Of the two power 
lines at the building’s service entrance, one is securely attached to the 
ground via a water pipe or a driven conducting rod. That line is 
termed the “grounded” line.*® Unfortunately, this practice permits < 
person to form part of a circuit by touching the ungrounded line (the 
“hot” line) and then contacting the ground by standing in a puddle of 
water near a drain (Fig. 5). 

What kind of safety is provided to prevent shock in households? 
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Figure 4. The threshold alternating current for fibrillation applied across trans- 
thoracic leads in a dog is plotted against the frequency of the AC applied. (From Geddes 
LA, Baker LE: Response to passage of electric current through the body. J Assoc Ad- 
vance Med Instrum 5:13-18, 1971; with permission of the author and publisher.) 


Fuses and circuit breakers provide protection against fires, not elec- 
trocution. These devices force open circuits at 15 or 20 A, whereas 
fibrillation occurs at 100 mA and electric shock at smaller currents. 
Modern wiring does require, however, a special device called a 
ground-fault circuit interrupter (GFCI) in high-risk locations. The 
GFCI measures the difference in current between the hot and the 
grounded wires. When the difference exceeds 4 to 6 mA for more than 
25 ms, the GFCI opens the circuit.” While shock (sensation) is not 
prevented, the current level is limited enough to prevent electrocu- 
tion (fibrillation), Note also that 6 mA is below the “let-go” current of 
16 mA. GFCIs are required by the latest electrical code in bathrooms, 
outdoors, and for outlets over counters that are within 6 ft of a kitchen 
sink. Compliance with the national code varies with location. 

The code also requires that all newly installed receptacles be able 
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Figure 5. Current has two 
paths to follow in this model of 
electrocution. One path is 
through the radio. The other 
path is via the hot wire to the 
radio chassis owing to a fault in 
the wire, such as broken wire in- 
sulation. When the victim 
touches the chassis and stands 
in a puddle of fluid, current can 
continue from chassis through 
the trunk, via the puddle and 
drain, to ground. Since the 
grounded conductor is con- 
nected physically to ground at 
the service entrance, the circuit 
is completed via the grounded 
conductor back to the source of 
power, 





Grounded 


Ground 


to receive a third wire, called the “grounding” wire. This is different 
from the grounded wire. The grounding wire provides a path for stray 
currents, also called leakage currents, back to the service entrance. 
When a grounding wire is supplied in a device’s power cord, the 
housing of that device (chassis) is connected to the grounding wire to 
decrease the possibility of stray currents returning to the service en- 
trance via people who touch the enclosure. The now familiar ground- 
ing prong is longer than the other prongs and is somewhat rounded. At 
the service entrance, the grounding wires are attached to the 
grounded wires. This connection provides the complete circuit 
needed for stray currents to return to the source of power and trip a 
circuit breaker before a person can interpose himself in a hot- 
to-ground circuit loop and thus receive a shock. 


THE HOSPITAL ELECTRICAL ENVIRONMENT 


Receptacles in hospitals are similar to those in households. Cer- 
tain areas however, have isolated power supplies.®°.** In these areas, 
the connection between the grounded and the grounding wires is 
effectively removed by the use of an isolation transformer (Fig. 6). 
Energy is transferred through the transformer by its conversion from 
electrical to magnetic energy and back again. Electrical energy passes 
through the transformer only if a complete circuit exists from one side 
of the secondary winding of the transformer to the other side of the 
secondary winding. The advantage of this arrangement is that a fault 
(unwanted connection) to the chassis from either line does not result 
in a completed circuit. Thus, it cannot result in a large current, blown 
fuse, or electric shock. The circuit is incomplete because there is no 
electrical path through the transformer. | 

The isolation transformer creates an ungrounded electrical sys- 
tem. In the ungrounded system (Fig. 6B), a fault from the hot wire to 
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Figure 6. A, the grounded 
electrical system with ground- 
ing conductor added. Note that a 
fault to the chassis from the hot 
Grounded wire results in a complete cir- 
cuit, which will trip a circuit 
breaker, thus disabling power to 
all devices supplied by that 
breaker. The grounding conduc- 
tor provides a small measure of 
additional safety by enabling 
detection of the fault. However, 
it does so by disabling power. B, 
e the isolated power supply. The 

isolation transformer turns the 

Primary Secondary grounded system into an un- 

Winding Winding grounded system. There is now 
N "A no complete path for current to 
follow from the secondary wind- 
ing of the transformer via 
ground or the grounding con- 
ductor back to the secondary 
winding. Note that, in compari- 
son with Figure 5, a victim elec- 
trically connected to ground 
would not experience shock 
with the ungrounded system. 





Hot 


Grounded 





Grounding 


the chassis does not create a potential shock hazard. When a potential 
victim touches the chassis and stands in a pool of fluid there is no 
complete circuit since the grounding pathway is no longer directly 
connected to the grounded side of the circuit. In fact the distinction 
between hot and grounded is lost, and the conductors supplied by the 
isolation transformer are termed “line 1” and “line 2.” 

However, this system is far from foolproof. The fault from line 1 
to chassis referred to previously will go undetected in an ungrounded 
system. The device still works and no one receives a shock. But when 
a second fault in that device occurs, a large current can flow, causing 
a circuit breaker to trip and power to fail to all devices being serviced 
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through that circuit. The isolation transformer has allowed for a single 
fault to occur without interrupting power or creating the potential for 
shock. 

We somehow need to know about the first fault to ground when it 
occurs to prevent a later unwanted power interruption. The line iso- 
lation monitor (LIM) provides that warning. While the isolation trans- 
former is invisible to us, the LIM is not. Occasionally the alarm 
sounds, much to the consternation of the operating room staff. It also 
has a visible meter and a warning light. The LIM tests each limb of an 
ungrounded system for a fault to ground. It does so by making contact 
from one line to ground and measuring the current that flows. Then an 
analogous contact from the other line to ground is made and the cur- 
rent measured. Figure 7 shows the circuit that exists with the LIM 
testing the leakage current from line 1. When there is a short from line 
1 to the chassis, a complete circuit exists from the transformer via line 
l to the chassis, via the grounding conductor to the LIM test circuit, to 
line 2 and back to the transformer. Therefore, current will flow and 
the LIM meter will register it. This current may range anywhere from 
the small leakage currents due to capacitive coupling to the large 
flows associated with short circuits owing to direct contact of exposed 
conductors. 

How much current is too much? The National Fire Protection 
Association (NFPA) guidelines” define several different circum- 
stances. The LIM alarm will sound at a collective leakage current of 2 
mA. The code sets maximum allowable leakage currents for all patient 
care areas, whether serviced by isolated power or not: hard-wired 
devices cannot exceed 5 mA current from chassis to grounding con- 
ductor, whereas leakage for devices connected via power cords must 
be less than 100 pA.” When the device is connected to a patient via 
a lead, maximal leakage currents are more stringent: 50pA for noniso- 
lated inputs and 10 pA for isolated inputs. A patient lead is “any 
deliberate electrical connection which may carry current between an 


Hot Line 1 
Figure 7. The line isola- 


tion monitor test circuit is drawn 
in as it would appear during 
testing of line 1 for leakage. Any 
connection from line 1 to the 
chassis (or other structure con- 
nected to the grounding conduc- 
tor) can now carry current be- 
cause the connection from 
grounding conductor to line 2 Grounded 
has been recreated via the LIM 
test circuit. The current that 
would flow in a grounded sys- 
tem is thus measured and dis- 
played so that personnel will be 
warned of a potential device 
fault. 





Grounding 
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appliance and a patient.” Examples include ECG electrodes, im- 
planted pacemaker wires, and conductive tubing. An isolated patient 
lead is one with properties that limit current flow to ground or to the 
power line to levels that are below hazardous limits. 

The line isolation transformer converts the grounded system to 
an ungrounded one, thus allowing a single fault to ground to occur 
without disabling service. The line isolation monitor detects that first 
fault so that the defective device can be promptly repaired. The iso- 
lated power system does not warn of potential microshock hazard (2 
mA is well over tenfold the current known to cause microshock). It 
cannot prevent shock resulting from two-conductor contact (gripping 
line 1 in one hand and line 2 in the other hand). Furthermore, devices 
without grounding conductors (those with two-prong power cords in- 
stead of three-prong cords) cannot return stray currents for detection 
by the LIM. Use of these devices (most notable portable radios) is 
hazardous. In fact, NFPA 99 forbids use of two-prong devices in all 
patent care areas. 

The latest NFPA guidelines for health care facilities have re- 
moved the requirement for a line isolation transformer and line iso- 
lation monitor. Facilities constructed subsequent to 1984 need not 
have these safety features. Because inclusion of isolated power sys- 
tems in the operating room and intensive care environments provides 
additional safety for patients and personnel, anesthesiologists should 
know whether their particular facilities use isolated power systems. 
Without isolation, knowledge of circuit breaker location and immedi- 
ate access to circuit breakers is essential in the event of unexpected 
power interruption owing to a device that develops a single fault. 
Hospital planners should be implored to spend the additional funds to 
provide isolated power to selected environments. 


ELECTROCAUTERY 


Electrocautery is of interest owing to the possibility of burn at 
patient attachment. ”™1925 The electrosurgical (ESU) coagulates tis- 
sue by heating it. High current density passing via the tip of the ESU 
wand through tissue provides the thermal energy. Employment of 
radiofrequencies (5 kHz to 2 MHz) obviates concern for electrocution 
(Fig. 4). Current fans out from the wand and returns to the ESU device 
via a return electrode. The return electrode is placed over a muscle 
mass and contacts the skin through a layer of highly conductive elec- 
trode gel. The return plate does not constitute an electrical ground. It 
is neither grounded nor grounding. It is not in contact with the floor or 
the earth outside. It simply completes the loop for the ESU current. 

Current density everywhere besides the tissue directly under- 
neath the tip of the wand is sufficiently low to prevent tissue heating 
and burn. However, if the normal return path is not available (for 
example, the electrode pad is not attached to the patient), then current 
might find an alternate path back to the ESU via a patient lead such as 
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an ECG electrode. The current density through underlying skin may 
then be great enough to cause tissue heating and burn.!® Safety is 
enhanced by using devices (for example, ECG monitors) with isolated 
patient leads. This additional isolation occurs inside the device and 
can be achieved with transformers or optical coupling: Modern ESU 
devices have internal circuitry that disables the device when the re- 
turn electrode is not attached to the device or if the return electrode 
wire is broken. ESU devices cannot determine when the electrode is 
not properly placed on the patient or when the electrode gel has 
dried, however. 


PRINCIPLES OF ELECTRICAL SAFETY 


We can assure safety for ourselves and our patients by not defeat- 
ing the features designed into the operating room electrical system 
and by following simple guidelines. 


1. Devices should be grounded so that unwanted currents return 
via grounding paths and not via people. 

2. People should not be grounded. Rubber-soled shoes are desir- 
able. 

3. Devices discovered to be defective by sounding the LIM 
alarm should be removed and repaired as soon as possible within the 
dictates of patient safety. For example, it is not appropriate to replace 
a cardiopulmonary bypass machine during bypass: the electrical haz- 
ard from the machine is at most a single fault. 

4. Isolate all leads connected to a patient from potential sources 
of unwanted current. 

5. Assure a functioning return path for current when using elec- 
trocautery. 


CALIBRATION OF MONITORING DEVICES 


Measuring the Data 


All physiologic data can be displayed in either analog or digital 
form. Analog data vary on a continuous scale; digital data have dis- 
crete values. In the operating room, examples of analog data displays 
are ECG waveforms, all pressure tracings, and temperatures read from 
a meter. Examples of digitally displayed data are heart rate, respira- 
tory rate, and systolic/diastolic pressures. All numerical displays are, 
by definition, displaying digital data. 

All physiologic processes are essentially analog in nature. Blood 
pressure, airway pressure, and velocity of blood flow are all analog 
data. Some physiologic processes seem to be digital in nature, but 
they are actually derived from analog data. For instance, the ECG 
waveform can be interpreted to determine the heart rate; the pressure 
tracings can be processed to display the systolic, mean, and diastolic 
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pressure; and, the patient’s temperature can be displayed as a single 
number on a cathode-ray tube (CRT) screen. 

Similarly, digital data can be converted into analog form. An ex- 
ample is the trending display that exists on many monitors—one can 
see a graph (analog) of the heart rate or systolic pressures (discrete 
digital values) of the previous few hours. 

Let us examine the steps involved when measuring and process- 
ing physiologic signals. First the data must be transduced to an elec- 
tronic signal. Then the signal needs to be amplified and perhaps fil- 
tered. If the signal is to be displayed digitally, it must then be con- 
verted into digital form and further processed before being displayed. 
If the signal is to be displayed in analog form, further processing is 
usually unnecessary. The transducer that converts the physiologic sig- 
nal into another signal, the algorithm that is used to convert the data 
into digital form, and the characteristics of the display device all in- 
troduce errors into the signal being measured. These sources of error 
will be discussed. 


Transducing the Data 


The first step in measuring physiologic signals is to transduce the 
signal. A transducer is a device that converts one form of energy, such 
as the pressure in the radial artery, into another form of energy, such 
as an electrical signal. When transducing pressures using invasive 
catheters, one must also take into account the characteristics of the 
pressure tubing system that is used to transmit the pressure from 
the artery to the transducer. Although the transducers are capable of 
faithfully reproducing signals with frequencies much higher than 
those seen clinically, the pressure tubing is not.” There are two char- 
acteristics of the system that must be examined: the resonant or nat- 
ural frequency and the damping factor. 

The resonant frequency is the frequency at which the system 
tends to vibrate naturally. It is also the frequency at which the tubing 
provides the greatest amplification of the pressure wave. In order for 
the pressure monitoring system to transmit pressure waves accurately, 
the resonant frequency should be a few times higher than the fre- 
quencies present in the pressure wave. For radial artery traces, the 
highest frequency present is about 20 to 25 cycles per second. The 
resonant frequency is proportional to the tubing radius, and to the 
square root of the tubing length, and inversely proportional to the 
square root of the compliance of the tubing. 

The damping coefficient describes the tendency of the system to 
attenuate or dampen the amplitude of any signal. If the damping co- 
efficient is low (a typical value seen is 0.2), then only pressure waves 
with frequencies one fifth the resonant frequency or lower will be 
faithfully reproduced.’ Higher frequencies will be severely attenu- 
ated. An optimal damping coefficient is between 0.6 and 0.7. The 
damping coefficient is inversely proportional to the tubing radius 
cubed, and proportional to the square root of the tubing length and the 
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square root of the compliance of the system.’ Large bore tubing, long 
lengths of tubing, and air bubbles in the tubing all have a net effect of . 
diminishing the fidelity of the final signal. 

After transduction, all signals need to be amplified. In order to 
reduce the signal-to-noise ratio (that is, the interference from other, 
unwanted signals), small amplifiers are often packaged with the trans- 
ducer to amplify the signal before it is sent via electrical cables to the 
monitor. 

This signal is then further amplified and filtered (this will be 
described later) before being displayed in either digital form (for ex- 
ample, numerical systolic pressure) or in analog form (for example, the 
arterial pressure trace seen on the oscilloscope). We usually assume 
that amplifiers do not distort the signal to any great extent. This is 
probably true for new machines, but not necessarily for old machines. 
As vacuum tubes in the old amplifiers age, the distortion of the signal 
increases. 


Analog Displays 


When it is desirable to observe moment-to-moment variations in 
a signal, the data are best presented in analog form. Typically, analog 
data are displayed by using electron beams to graph the data on a 
phosphor screen (this is what happens on CRT screens or oscillo- 
scopes), by printing the data on a moving piece of paper (chart re- 
corder), or by looking at the placement of a needle on a scale. 

Some displays, such as the traces seen on the CRT, have little 
distortion because an electron beam can be made to follow the fluc- 
tuations of any signal with little loss of fidelity in the process. On the 
other hand, all strip chart recorders, including all hospital ECG ma- 
chines, introduce distortion. Part of this distortion arises from poor 
calibration of the instrument. Most of the distortion is due to the fact 
that the inertia of the writing instrument does not allow it to change 
direction fast enough to follow the rapid changes in the physiologic 
signal. The high-frequency components of the signal become damped 
or attenuated, with the lower frequencies more faithfully reproduced. 
Fortunately, most of the useful information is located in the lower 
frequencies. 


Filtering 


The goal of filtering is to block or attenuate certain frequencies 
selectively while leaving other (more important) frequencies un- 
changed. Unfortunately, it is often impossible to eliminate only un- 
wanted frequency components without altering other frequency com- 
ponents. 

Filtering the high-frequency components of an arterial pressure 
trace will rid the waveform of unwanted jaggedness, but the dicrotic 
notch can be altered or even obliterated if there is too much filtering. 
Filtering of ECG signals is necessary to produce recognizable signals, 
but it can cause unrecognized artifact. High-frequency filtering re- 
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moves muscle and ESU interference. However, it also removes any 
“notching” that might exist. Sixty cycles per second filtering removes 
interference due to the power lines and the overhead lighting, but it 
will also eliminate any component of the ECG signal that is near 60 
cycles per second. 

Low-frequency filtering (which can be obtained by placing the 
machine in monitor mode) reduces motion artifact and helps identify 
the ECG rhythm. However, it also distorts the ST segment and can 
either cause apparent ST-segment depression or elevation when none 
exists, or show an isoelectric ST segment when the segment is not 
isoelectric. Figure 8 shows an example of this phenomenon. 

The fidelity of an analog system must be periodically checked. 
Two aspects must be verified: calibration and frequency response. 
Calibration is easily accomplished. Most machines that measure ECG 
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Figure 8. A, a strip chart recording of an ECG. The filter switch was set to 
“monitor” mode. Note the apparent ST-segment depression caused by attenuating the 
low-frequency components of the ECG signal. The same ECG tracing continues in B. 
After two beats, the filter switch was moved to the “diagnostic” mode, thereby elimi- 
nating the low-frequency filter. No ST-segment depression is shown: only the inverted 
T waves remain. 
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or pressure can generate a known voltage or pressure. Typical cali- 
Sii signals are 1 mV for ECGs and 100 mm Hg foripressure chan- 
nels. 

Older pressure measurement systems provide zero and calibra- 
tion signals. The zero signal is applied first while the zero control is 
varied to display a zero output. For this maneuver, the pressure mea- 
surement system is exposed to atmospheric pressure at a desired 
height, usually the level of the atrial chambers of the patient’s heart. 
After zeroing, the calibration signal is applied and the gain control 
adjusted to provide an output equal to the value of the calibration 
signal. Newer pressure measurement systems require zero adjustment 
only. Elimination of routine pressure transducer calibration is af- 
forded by improvements in transducer design, manufacturing, and 
quality control. 

The frequency response is more difficult to check. The best ap- 
proach is to provide a series of different inputs to the machine. Each 
input is of constant amplitude, but of different frequency. Ideally, the 
output of the machine should also be of constant amplitude (“flat 
response’) and at the same frequency as each of the inputs. Great care 
is taken to assure a flat response in high-fidelity sound systems. In the 
operating rooms, this means of determining the frequency response is 
cumbersome and impractical. 

A simpler, and more clinically useful technique has been de- 
scribed by Gardner.t In Gardner’s method, an impulse signal is ap- 
plied to the pressure monitoring system. This can be accomplished by 
giving a quick flush to the tubing catheter system. The resulting pres- 
sure transient is plotted on a chart recorder. From the plot, the natural 
frequency and the damping coefficient can be determined. By inde- 
pendently varying the natural frequency and the damping coefficient, 
Gardner showed that the higher the natural frequency, the lower the 
damping coefficient can be before noticeable distortion of the wave- 
form occurs. Interestingly, introducing an air bubble into the pressure 
tubing (a common practice used to reduce the “overshoot’’) is ill- 
advised because while this increases the damping coefficient (good), 
it also lowers the resonant frequency (bad).° Best results are obtained 
by eliminating all air bubbles from the catheter systems and by using 
short, low-compliance tubing without injection ports. 


Digital Displays 


Most of the newer monitoring devices present their data in digital 
form, even though the data are usually analog in nature. Conse- 
quently, there needs to be some algorithm or technique by which the 
analog data is converted into digital form. This process of analog to 
digital (A to D) conversion causes a small amount of error to be intro- 
duced because the once continuously variable signal is now repre- 
sented by a series of data with discrete values. 
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The processing of digital data can be more complicated than the 
processing of analog data because there are many different algorithms 
that can be used to analyze the data. The algorithm determines the 
accuracy of the output. Unfortunately, no one algorithm works per- 
fectly for each application all the time. The following discussion fo- 
cuses on some of the general principles behind the many algorithms 
in use today. First the digital algorithms used to process QRS data are 
examined; then the algorithms used to process pressure data are ex- 
amined. 


Electrocardiogram Processing 


The first step of ECG processing is to determine the heart rate by 
measuring the R-R interval. The peak of a single QRS wave (that is, 
the peak of the R wave) is first located by looking for the point where 
the signal is not only at a maximum, but also where the derivative of 
the signal (that is, the slope of the ECG trace) changes from positive 
to negative. Needless to say, a good algorithm will not be confused by 
tall, peaked P or T waves; an rR’ configuration to the QRS; ESU 
interference; or any of the many dysrhythmias. 

Once the R wave has been found for each of the QRS complexes, 
and the time between each R wave measured, a simple calculation 
will produce the heart rate: 


Heart rate = 60/R-R interval in seconds 


Of course, most of us would be displeased if the algorithm did not also 
average the R-R intervals so as to eliminate some of the artifactual 
beat-to-beat variation that exists in the signal. Unfortunately, this av- 
eraging will also eliminate some of the physiologic beat-to-beat vari- 
ation. Figure 9 shows the effect of averaging three R-R intervals to- 
gether before displaying the heart rate. The plotted data is listed in 
Table 1. As can be seen, there is less fluctuation in the averaged data 
than in the original data. Inspection of Table 1 reveals that while the 
original data varies from 58 to 64, the displayed value varies from 59 
to 63. 


The next step is to separate the ECG signal into the various com- 


70 Figure 9. An example of three 
point averaging. The open cir- 
cles represent the heart rate de- 


65 termined from sequential R-R 
intervals in a hypothetical pa- 
tient. The open triangles repre- 


sent the heart rate determined 
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55 by averaging the three most re- 
cently determined rates in the 
50 same hypothetical patient. The 


averaged points are the output 
of a very crude low-pass filter 
that filters the high-frequency 
components present in the orig- 
inal signal. These high-frequency components are represented by the beat-to-beat vari- 
ation in the data. 
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Table 1. Example of Three-Point Digital Filter 


HR FILTER VALUE DISPLAY VALUE 


60 — — 
60 — — 
61 60.3 60 
62 61.0 61 
64 62.3 62 
63 63.0 63 
60 62.3 62 
58 60.3 60 
60 59.3 59 
61 59.7 60 
62 61.0 61 
64 62.3 62 
64 63.3 63 
62 63.3 63 
61 62.3 62 


ponent parts (P wave, QRS, ST segment, T wave, etc.). This process- 
ing is much more complicated. The ST segment, because it can take 
many morphologies, is particularly difficult to define. Many algo- 
rithms define the ST segment as the segment of the waveform that 
begins a certain number of milliseconds after the J point (often 80 ms), 
and ends when the ECG signal returns to baseline. 

Because there is inherent noise in all ECG signals, the ECG 
signal is usually preprocessed by passing it through a high frequency 
(low-pass) filter before significant analysis of the signal begins. This 
preprocessing can either be done with analog circuitry (equivalent to 
passing the signal through a resistor and capacitor network) or by 
digitally filtering the signal. Averaging the last few data points, as was 
done in the example shown in Table 1 and Figure 9, is but one (crude) 
example of a digital low-pass filter. Algorithms used to process ECGs 
can be fairly complex.!° Only the basic concepts have been presented 
here. 


Pressure Measurement 


Noninvasive blood pressure measurements are often accom- 
plished using auscultatory techniques. Automated blood pressure ma- 
chines, such as the DINAMAP machine (Criticon, Inc., FL) determine 
systolic, mean, and diastolic pressures using an oscillotonometric 
technique.’ 

Invasive blood pressure measurement techniques involve more 
complicated processing. Consider mean arterial pressure first. The 
easiest method of obtaining a mean arterial blood pressure from an 
arterial trace is to pass the signal through a resistance/capacitance 
network designed to act as a low-pass filter allowing passage of only 
very low frequency signals (for example, 0.2 Hz or lower). Essentially, 
this circuit acts to average the signal, thereby giving the mean. For 
example, setting the display switch to the “filter” position on an E for 
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M monitor (Honeywell) causes the mean pressure to be displayed on 
the screen because of the insertion of a low-pass filter. Digitally, this 
can be accomplished by averaging the signal for the last few seconds. 
The longer the averaging period, the more filtering of the higher fre- 
quencies (the lower the “bandwidth” ), and the less variation in the 
trace. Table 2 lists some typical bandwidths used.’° 

The basic principle behind finding the systolic (or diastolic) pres- 
sure from a pressure trace is similar to that of locating the R wave in 
the ECG signal. The systolic (or diastolic) pressure is found at a local 
maximum (or minimum) pressure where the slope of the pressure 
tracing changes sign. If one is simultaneously processing the ECG 
data, one can use the timing of the QRS to help locate the true systolic 
pressure generated by each QRS. 

As with heart rate, if each systolic (or diastolic) pressure were 
plotted, there would be a great deal of beat-to-beat variation. In the 
case of central venous and pulmonary pressures, this variation is 
artifactual when caused by spontaneous or positive-pressure 
ventilation.” Many anesthesiologists look for the highest pressure 
displayed if the patient is breathing spontaneously, and the lower 
pressure displayed if the patient is being ventilated by positive- 
pressure ventilation. Neither of these methods is entirely satis- 
factory. #1 

Usually, most machines filter the systolic signal using both a 
high-pass filter to omit the low-frequency respiratory component and 
a low-pass filter to reduce the noise in the signal. A low-pass filter, 
such as the one previously described to filter the heart rate, can be 
used. However, a better digital filter is one in which the most recently 
measured data is weighted more heavily than the data obtained a few 
milliseconds prior. There are many examples of such filters. Figure 10 
shows a hypothetical pressure wave that has been placed through two 
different digital filters. The first filter is the average of the latest five 


Table 2. Filter Characteristics for Mean Pressure Measurement 
Used in Bedside Monitors 


BANDWIDTH* 

MANUFACTURER (HZ) NO. OF POLEST 
LDH Hospital 0.08 l 
Hewlett-Packard 0.16 2 

. Tektronix/Vitatek 0.03 4 
Mennen 0.12 2 
Spacelabs 0.11 2 
E for M/Honeywell 0.16 l. 
Datamedix 0.09 2 


*Bandwidth = frequency above which the signal is reduced by 0.707 of the DC 
amplitude. 

tPoles = measure of how quickly the signal is attenuated as the frequency is 
increased. 

From Cengiz M, Crapo RO, Gardner RM: The effect of ventilation on the accuracy 
of pulmonary artery and wedge pressure measurements. Crit Care Med 11:502-507, 
1983; with permission. 
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Figure 10. The result of digital filtering of a hypothetical waveform. The open 
circles represent the original unfiltered hypothetical waveform. The open triangles 
represent filter 1, a crude low-pass filter. The displayed values are the average of the 
five previous unfiltered values. Note that the output of this filter is missing the high- 
frequency components (that is, the “jaggedness’’) seen in the original signal. The open 
squares represent filter 2, a better low-pass filter that retains more high-frequency 
components of the original waveform than filter 1, but still eliminates much of the rapid 
variations seen in the original signal. This filter is an exponential filter, which is formed 
by averaging the latest measured (unfiltered) value with the previously displayed (fil- 
tered) value. 


data points. The second filter is an exponential filter, where each 
plotted point is the average of the previously plotted point and the 
current data point. The raw data used to generate Figure 10 is listed 
in Table 3. 

Figure 11 and Table 4 show how these filters process a square 
wave input. It is easy to see that both filters not only smooth the data, 
but also cause a delay in the location of the peaks. This delay, called 
a phase shift, is different for each frequency of the signal. 

In the Marquette monitor, a modified exponential filter is used 
where the weighting of the previous and current samples is depen- 
dent on the difference between the two values (personal communica- 
tion from Marquette Electronics, Inc., Milwaukee, WI). This method 
of filtering has been shown to emphasize the end-tidal readings, when 
there is less respiratory-induced fluctuation in the pressures. 

Recently, Mitchell et al?’ have described a rather elegant method 
of processing pulmonary artery pressure. They pass the pulmonary 
artery pressure signal, in digital form, through a low-pass filter. The 
output of this filter is essentially the respiratory component of the 
pulmonary artery pressure. This filtered signal is then subtracted from 
the original signal to obtain a pressure trace that is devoid of a respi- 
ratory component. Algorithms similar to those described previously 
are used to determine the systolic, diastolic, and mean pressures, 
which can now be determined more precisely because the influence 
of ventilation has been eliminated. The data is converted back into 
analog form and displayed on an oscilloscope (CRT). 


716 J. C. HoRROW AND DaviD T. SEITMAN 


Table 3. Hypothetical Waveform Data Applied to Two Digital Filters 


WAVE FILTER 1 FILTER 2 
1 ge “aes 
l ee 1.0 
2 — 1.5 
3 — 2.3 
2 18 2.1 
3 2.2 2.6 
4 2.8 3.3 
6 3.6 4.6 
8 4.6 6.3 

12 6.6 9.2 
14 8.8 11.6 
15 11.0 13.3 
14 12.6 13.6 
ll 13.2 12.3 
ll 13.0 I7 
10 12.2 10.8 
ll 11.4 10.9 
12 11.0 11.5 
9 10.6 10.2 
8 10.0 9.1 
7 9.4 8.1 
5 8.2 6.5 
3 6.4 4.8 
2 5.0 3.4 
3 4.0 32 
2 3.0 2.6 
l 2.2 1.8 
2 2.0 1.9 
l 1.8 1.4 
2 1.6 1.7 
1 1.4 1.4 
1 1.4 1.2 
l 1.2 L.I 
SUMMARY 


The fidelity of all monitored data is influenced by the character- 
istics of the transducer system. In the case of invasive catheters, the 
tubing used and any air bubbles in the tubing have a great influence 
on the values displayed on the screen. Low compliant tubing and 
absence of air bubbles keep the natural frequency and the damping 
coefficients high, and are essential to accurate output. 

The fidelity of analog displays is also limited by the frequency 
response and the damping characteristics of the writing instrument 
used. An instrument with little mass (low inertia) will be able to fol- 
low rapidly moving signals without damping the high frequencies 
present in the signal. The amplifier used to amplify the signals pro- 
duced by the transducer must also be of high quality. 

Digitally processed signals are plagued with calibration prob- 
lems, too. All digital filters, just like analog filters, introduce phase 
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Figure 11. Square wave filtering. The open circles represent the square wave 
input to a digital filter. The open triangles represent filter 1, a crude low-pass filter. The 
filter output (displayed value) is the average of the previous five measured values. This 
filter attenuates high-frequency components. The open squares represent filter 2, a 
better low-pass filter to reduce high-frequency noise. The output (displayed value) of 
this filter equals the average of the current measured value and the previous displayed 
value. This is an example of an exponential filter. 


Table 4. Square Wave Data Applied to Two Digital Filters 


WAVE FILTER | FILTER 2 
0 = co 
0 — 0.0 
0 — 0.0 
0 — 0.0 
0 0.0 0.0 

10 2.0 5.0 
10 4,0 To 
10 6.0 8.8 
10 8.0 9.4 
10 10.0 9.7 
10 10.0 9.8 
10 10.0 9.9 
10 10.0 10.0 
10 10.0 10.0 
0 8.0 5.0 
0 6.0 25 
0 4.0 1.2 
0 2.0 0.6 
0 0.0 0.3 
0 0.0 0.2 
0 0.0 0.1 
0 0.0 0.0 
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shifts into the signal. These shifts are different for each frequency, and 
they will distort the physiologic signal, which contains many frequency 
components. Even more important, digitally analyzed signals use 
many complex algorithms to separate noise from signal, and to decom- 
pose each signal into its important segments (systolic, diastolic, mean 
pressures, P wave, QRS, ST segment). These algorithms are not per- 
fect, and, in certain circumstances, can cause erroneous numbers to 
appear on the monitors. 
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Increasingly bold surgery, increasingly ill patients, and recently 
established standard of care guidelines have increased the need for 
simple, accurate, and robust blood pressure monitoring devices. How- 
ever, invasive blood pressure monitoring has potential cardiovascular 
complications, is not easily portable, and cannot be used for pro- 
longed periods. Since Cushing’s initial attempts to bring blood pres- 
sure recording into the operating room, noninvasive monitoring of 
blood pressure has been slowly accepted. Recording blood pressure is 
considered essential now, and a recent review listed over 80 suppliers 
of noninvasive blood pressure measuring devices.** These systems 
include the classic manually operated cuff and stethoscope, as well as 
automated systems that measure systemic blood pressure either inter- 
mittently or continuously. Understanding the principles of each non- 
invasive monitoring modality will aid the practitioner in making in- 
formed purchasing and clinical decisions. 

Currently, the noninvasive measurement of blood pressure is ac- 
complished by either occlusive or nonocclusive devices. The occlu- 
sive devices use an air-filled cuff placed around an arm, leg, finger, or 
toe. Inflation of the cuff occludes an artery, and as the air is released 
from the cuff, return of the arterial pulse is detected and analyzed by 
various methods to determine systemic blood pressure. These meth- 
ods include auscultation, oscillometry, palpation, ultrasound, and 
flush, or return to flow. Nonocclusive measurements also use air-filled 
cuffs but do not rely on obliteration of the pulse. Methods of analysis 
used by nonocclusive methods include the Penaz method and a com- 
puter model of arterial wall displacement. 
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This article focuses on the principles of blood pressure measure- 
ment. These principles can be classified as occlusive versus nonoc- 
clusive, intermittent versus continuous, or manual versus automated. 
These classes are not mutually exclusive, and we shall describe man- 
ual intermittent, automated intermittent, and nonocclusive continu- 
ous systems. 


OCCLUSIVE METHODS 


Most of the widely used methods of noninvasive blood pressure 
measurement entail occluding an artery and then noting the return of 
a signal upon the release of pressure from a cuff. Arterial occlusion 
methods differ mainly in the way they detect the reappearance of this 
signal. The choice of the detecting method has widely varying clinical 
implications, including the ease of application, the accuracy, the 
speed of a measurement, and the response to artifacts. Because of the 
temporary obliteration of the pulse, pressure measurement can be 
made only intermittently, and there is little information about the 
waveform. 

The occlusive methods used singly or in combination are (1) aus- 
cultation of Korotkoff sounds, (2) oscillation, and (3) detection of blood 
flow distal to the sphygmomanometer cuff by palpation of a pulse, 
Doppler ultrasound, or photoelectric plethysmography. This section 
reviews the physiology, as well as the advantages and disadvantages 
of these methods. 


Auscultation 


Auscultating the appearance and disappearance of Korotkoff 
sounds is the most common mode of manual noninvasive blood pres- 
sure measurement. Classically, Korotkoff sounds have been divided 
into five phases: phase I, “a loud, clear-cut snapping tone”; phase II, 
“a succession of murmurs’; phase III, “the disappearance of murmurs 
and the appearance of a tone resembling to a degree the first phase but 
less marked”; phase IV, “the tone becomes less clear in quality or dull 
(muffling)”; and phase V, “the disappearance of all sounds.’ Al- 
though the mechanism producing Korotkoff sounds has not yet been 
established, turbulent flow, a water-hammer effect, arterial flutter, 
amplification of perturbations of a dynamically unstable artery, and 
other explanations have been suggested.®** 

An occluding cuff is placed on an extremity, usually the upper 
arm, and a stethoscope is placed over the previously palpated brachial 
artery. The cuff is inflated until the pulse is obliterated, and the pres- 
sure in the cuff is slowly released. Systolic pressure is recorded when 
the first snapping sounds are heard. As the cuff continues to deflate, 
the sounds disappear and then return again before the diastolic muf- 
fling. This silent interval, the so-called auscultatory gap, is of un- 
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known etiology and must be considered; otherwise an underestima- 
tion of systolic or overestimation of diastolic pressure: may occur. 

Systolic pressure is thought to occur with the onset of phase I 
sounds. Currently, most investigators agree that the diastolic pressure 
occurs with the onset of phase V (disappearance of all sounds). The 
American Heart Association (AHA) has recently recommended that 
the diastolic pressure be reported with the onset of phase IV in chil- 
dren and phase V in adults.’ Phase IV values overestimate intra- 
arterial diastolic pressure by 5 to 10 mm Hg, whereas complete loss of 
Korotkoff sounds closely approximates true diastolic pressure but is 
subject to larger random errors. 

In clinical practice, the auscultation method remains the standard 
manual method because of its relative immunity to artifacts and 
accuracy over a wide range of pressures. Auscultation correlates well 
with intra-arterial measurement, but only systolic and diastolic pres- 
sure can be measured. 


Automated Auscultatory Systems 


There are several automated auscultatory blood pressure moni- 
tors currently available. In these systems the occlusive cuff is filled to 
a prescribed pressure and then released at a set rate or in steps.’ 
During cuff deflation, a microphone under the cuff transduces Korot- 
koff sounds and the amplitude and frequency of the sounds are pro- 
cessed to determine systolic and diastolic pressures. The step method 
has the advantage of comparing several cardiac cycles at each pres- 
sure-step, a maneuver that improves the accuracy. The disadvantage 
is that the determination time is increased. Initial sensitivity to the 
correct placement of the microphone directly over the artery has been 
overcome with newer microphones and better computer algorithms. 

The accuracy of either manual or automated auscultatory methods 
depends on cuff size, accuracy of aneroid manometer, location of the 
stethoscope, and user ability to hear, see, and feel. A cuff that is too 
small or loosely applied will give artificially high readings. The AHA 
recommends a cuff-bladder width of 13 cm for a standard size adult, or 
20 per cent greater than the diameter of the arm.’ The bladder should 
cover at least half of the circumference of the extremity with the mid- 
dle of the bladder positioned over the pulsating artery. The manom- 
eter itself can cause inaccuracies. Perlman evaluated 310 hospital an- 
eroid sphygmomanometers and found 13.2 per cent had average de- 
viations greater than 7 mm Hg.°®® The regular calibration of the 
aneroid manometer against a mercury manometer can decrease inac- 
curacies. Finally, the location of the stethoscope is more important 
than the type of stethoscope. It is worth the effort to secure the stetho- 
scope over the brachial artery to maximize the ability to hear Korotkoff 
sounds. 

Auscultation is least reliable at low pressures.*? In addition, some 
flow actually occurs before sufficient energy is generated to create a 
sound; therefore, a lower value than simultaneous intra-arterial mea- 


724 THEODORE JAY SANFORD, JR, BRIAN R. JONES, AND N. TY SMITH 


surement occurs.!° Accuracy is also related to heart rate and cuff de- 
flation rate. The faster the rate of deflation, the greater the decrement 
in cuff pressure between heart beats, and the more widely the re- 
corded value may vary from the actual point at which the flow pattern 
changes. Similarly, at a given cuff deflation rate, the heart rate is 
inversely related to the accuracy of the measurement. With a slow 
heart rate, the manometer will fall further between beats leading to 
less sensitivity.“ The AHA recommends a pressure release of 2 to 3 
mm Hg per heart beat.! 

Comparison of the accuracy of indirect auscultatory reading with 
direct arterial pressure and reasons for inaccuracy have been reported. 
Discrepancies between direct and indirect pressure are created from 
normal cardiovascular physiology; for example, at the site of the direct 
and indirect measurements, systolic blood pressure is higher toward 
the periphery than in the aortic arch.’ Van Bergen observed that 
compression of the brachial artery immediately distal to the intraar- 
terial catheter resulted in a 20 to 30 mm Hg elevation of direct systolic 
pressures measured by cuff. This was thought to be an example of 
reflection in the periphery causing amplification of the waveform. If 
direct intra-arterial pressures are measured in one arm and indirect 
pressures measured in the other, the potential for measurement dif- 
ferences arising from normal physiologic variations in each arm arises. 
Goldhill measured bilateral simultaneous indirect blood pressure in 
patients and found 37 per cent of patients had a difference in pressure 
between arms equal to or greater than 6 mm Hg and 13 per cent had 
differences of 11 mm Hg or more. 

The physical characteristics of the external monitoring system can 
also influence the comparison of direct and indirect measurements. 
The accuracy of direct arterial measurements, the “gold standard,” 
has been questioned because of different frequency response and 
dampening of the recording systems.” Adequate response is depen- 
dent on the catheter, connecting tubing, and transducer setup. Com- 
paring the results from one study with those of another can be difficult 
because of different characteristics of measurement systems and data 
analysis. 

To compensate for the occasional inability to hear Korotkoff 
sounds, a system has been introduced (IVAC 560, IVAC, San Diego, 
CA) that uses auscultation for most determinations yet defaults to 
oscillometry when auscultation fails (Table 1). Using this device in 50 
patients, Davis reported that auscultatory and oscillometric values 
closely correlated with each other.? However, both indirect methods 
underestimated systolic and overestimated diastolic pressures when 
compared with radial artery values. 


Infrasound 


The majority of sound energy in Korotkoff sounds occurs in the 
subaudible range, known as infrasound. This subaudible sound en- 
ergy can be electronically detected to provide another means of blood 
pressure determination. In certain clinical situations, for example, hy- 
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Table 1. Representative Blood Pressure Devices 





DEVICES MANUFACTURER 
Occlusive 

Auscultation 

Infrasounde D4000 Puritan-Bennett Corp. 
Oscillometric 

Dinamap 1846 Critikon, Inc. 

Omega 1000 Invivo Research Labs Inc. 

Accutorr I Datascope Corp. 

Air-shields adult Air-shields 

Ohmeda NIBP BOC Healthcare 
Combined auscultation and oscillometric 

Vital-Check 4000 IVAC Corp. 

Kendall 8200 Kendall Co Hospital Products Division 

Paramed 9200 Paramed Technology Inc. 
Doppler wall movement 

Arteriosonde Roche Medical Electronics Inc.* 

Nonocclusive 

Penaz method 

Finapres 2300 BOC Healthcare 
Computerized wall displacement 

Cortronics APM 770 Cortronic Corp. 


*No longer available. 


potension or arteriosclerosis, standard Korotkoff auscultation can be 
impossible or inaccurate. > Yet with electronic amplification and 
interpretation of the low frequency sounds, the blood pressure can 
frequently be determined. 

One automated infrasound devide, the Infrasounde D4000 (Puri- 
tan-Bennett Corp.), is currently available. This device uses wide-range 
microphones to pick up the low frequency signals, less than 30 Hz, 
and then electronically determines systolic and diastolic pressures. 
Nystrom et al? compared intra-arterial radial artery pressures with 
readings from this device and a common oscillometric device (Dina- 
map). For both the Infrasounde and the oscillometric system the dif- 
ference from the direct pressure averaged from 8 to 14 mm Hg for both 
systolic and diastolic blood pressures. The average Infrasounde sys- 
tolic pressure was 13.3 mm Hg lower than the intra-arterial, and the 
Infrasounde diastolic pressure was 4.7 mm Hg higher than the intra- 
arterial. Differences were thought to be due to the normal physiologic 
variations between patients and also to the time lag between direct 
and indirect pressure measurements on the same extremity. 


Oscillometry 


Blood pressure determination by oscillometry was used before 
the auscultatory method was reported.!” The simplest systems use an 
occlusive cuff, and blood pressures are inferred from observations of 
oscillations of the needle indicator of a connected manometer. Fol- 
lowing inflation of the cuff to a point where the pulse disappears, the 
pressure in the cuff is released and oscillations of the indicator needle 
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are noted. In manual systems systolic pressure is assumed to occur at 
the point where the oscillations suddenly increase, and diastolic pres- 
sure is noted at the point where the oscillations first become slurred 
or disappear. The mean blood pressure is thought to be the point of 
largest oscillation. Again, as with Korotkoff sounds, the point of dia- 
stolic pressure is controversial and is not universally agreed upon. 

A special oscillometric apparatus, the von Recklinghausen system 
was designed to magnify the cuff-pressure oscillations. The system 
uses a wide cuff containing two interconnected narrow inflatable 
bladders. Both bladders are inflated above systolic pressure and then 
slowly deflated. When systolic pressure is reached, blood flow be- 
neath the upper cuff strikes the lower cuff and creates a pressure wave 
that is transmitted to the manometer. Each pulse wave creates an 
oscillation of the mercury column or aneroid needle. Hutton and Prys- 
Roberts?” recently reviewed a commercial manual oscillometric sys- 
tem with interconnected bladders and drew three conclusions: (1) For 
detection of systolic pressures the first change in character of the 
needle oscillations should be used; (2) the mean pressure corre- 
sponded with the maximum oscillations; and (3) the diastolic deter- 
mination was essentially impossible.” 

Advantages of the oscillometric method include the ability to de- 
termine values at low levels of arterial blood pressure and no require- 
ment for a stethoscope or other method of peripheral pulse detection. 
Its main disadvantages are that it is prone to artifacts from patient 
movement and can be incapacitated by dysrhythmias. 


Automated Oscillometric Devices 


Automated oscillometric systems differ from simple manual sys- 
tems in that oscillations are electronically measured and amplified. 
Algorithms are used to determine systolic, diastolic, and mean pres- 
sures. The first automatic oscillometric device introduced measured 
only the mean arterial pressure and was labeled DINAMAP (Device 
for Indirect Noninvasive Automated Mean Arterial Pressure) (Fig. 
1).7 At the time many argued that the mean pressure was the only 
pressure needed, and with the oscillometric devices this was the eas- 
iest value to determine (Fig. 2). 

There are several standard features of automated oscillometric 
devices. Most devices have fairly reliable artifact detection systems, 
which either cease cuff deflation until movement has stopped or ter- 
minate the present determination if the movement persists beyond a 
preset time interval. In addition, most systems have multiple inter- 
changeable cuffs. Many automated systems measure the volume of air 
required to fill the cuff and can determine if an infant or child cuff is 
attached by noting the small volume for inflation. A small cuff inflates 
to a lower starting pressure, approximately 130 mm Hg, instead of the 
160 to 170 mm Hg for the adult-size cuff. With subsequent readings 
the cuff is inflated to approximately 35 mm Hg higher than the pre- 
viously recorded systolic pressure. 
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Figure 1. Schematic of major components of the DINAMAP. In the upper right- 
hand corner of the figure are shown schematically the waveforms that result during a 
single determination. (From Ramsey M: Noninvasive automatic determination of mean 
arterial pressure. Med Biol Eng Comput 17:11-18, 1979; with permission.) 


When automated oscillometric devices were first introduced, 
many anesthesiologists routinely placed a second blood pressure cuff 
on the arm opposite the automatic side as a fail-safe monitor. Riopelle 
addressed this concern by modifying a standard DINAMAP to allow 
simultaneous auscultatory and oscillometric (determinations by add- 
ing an aneroid manometer and hand-pump.** This modification also 
allows calibration of the digital pressure readouts. 


Accuracy of Oscillometry 


Clinical studies have reported varying correlation between direct 
and oscillometric blood pressure determinations. Hutton evaluated 
the DINAMAP with direct intra-arterial pressure in ten patients and 
found systolic, diastolic, and mean correlation coefficients to be 0.95, 
0.85, and 0.87, respectively, 28 Systolic and mean pressure were un- 
derestimated at high intra-arterial pressures and overestimated at low 
intraarterial pressures. The diastolic pressure measured by DINA- 
MAP was consistently higher than intra-arterial values. 

An early study by Yelderman and Ream* compared the oscillo- 
metric technique with direct arterial mean pressure in the contralat- 
eral radial artery in 19 patients. He reported that the pooled data had 
an average error of 1.4 mm Hg, while the error for any single deter- 
mination was up to 14 mm Hg. Rutten et alf compared mean arterial 
pressure from five different automatic oscillometric blood pressure 
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Figure 2. An average of several values of mean arterial pressure determined by 
the oscillometric technique. The amplitude of oscillation of cuff pressure is plotted 
against cuff pressure. True mean arterial pressure is shown for comparison. (From 
Yelderman M, Ream AK: Indirect measurement of mean blood pressure in the anes- 
thetized patient. Anesthesiology 50:253—256, 1979; with permission.) 


monitors with intra-arterial mean pressures and observed that all per- 
formed similarly, with a wide range of variation (+40 to — 29 per cent) 
when compared with directly measured mean arterial pressure. There 
was a tendency to overestimate mean aterial pressure at low values 
and underestimate mean pressure at high values. 

As with auscultatory measurements, the cuff location affects the 
pressure obtained. Goldthorp compared DINAMAP arm and thigh 
pressure measurements in 30 patients and found that with appropriate 
size cuffs, systolic pressures in the thigh were 10 to 40 mm Hg higher 
than in the arm but diastolic pressures were essentially the same.” 

Relying on oscillometric measurements during hypotension may 
be hazardous. Gourdeau et al? compared oscillometry with radial ar- 
terial pressures from the contralateral arm in 21 patients undergoing 
deliberate hypotension. They reported correlation coefficients for sys- 
tolic of 0.94, mean 0.93, and diastolic 0.88, but with large interindi- 
vidual variability. They also found that the oscillometric methods un- 
derestimated blood pressure when intra-arterial pressure was greater 
than 80 mm Hg and overestimated blood pressure when intra-arterial 
blood pressure was less than 80 mm Hg. They concluded that an 
oscillometric system could not replace intra-arterial monitoring in the 
setting of controlled hypotension because it gave falsely high values 
during the hypotensive period.” Gloyna et al!* studied the accuracy 
when the mean intra-arterial pressure was less than 65 mm Hg in ten 
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patients and recorded 280 measurements. The indirect values were 
higher than intra-arterial by an average of 12.7 mm Hg for systolic, 5.7 
mm Hg for diastolic, and 8.8 mm Hg for mean pressures. 

Many investigators have reported that automated oscillometric 
blood pressure devices underestimate blood pressure in hyperten- 
sive patients.°*8 Loubser”? studied this in 30 hypertensive postca- 
rotid endarterectomy patients and collected 558 readings for systolic, 
diastolic, and mean pressures. He found the DINAMAP 1845 under- 
estimated diastolic and mean pressures by 6.3 mm Hg and 0.3 mm Hg, 
respectively. The differences were most pronounced at blood pres- 
sures greater than 160 mm Hg, where indirect systolic pressures were 
underestimated by a range from 20.0 to 53.3 mm Hg less. On the other 
hand, when the intra-arterial values were less than 160 mm Hg the 
underestimation was from ~0.8 to 12.6 mm Hg. 

Oscillometry has been touted as advantageous in infants, in 
whom auscultation of Korotkoff sounds can be difficult. Friesen eval- 
uated the DINAMAP in 20 patients with ages ranging from 1 day to 2 
weeks and weights from 680 to 6000 g.*° Direct arterial pressures 
were compared with the DINAMAP, and the correlation coefficients 
were 0.96 for systolic and 0.94 for diastolic blood pressure. 


Peripheral Pulse Detection 


The third occlusive method used to measure blood pressure in- 
volves detecting the return of the distal pulse by palpation, ultra- 
sound, or plethysmography. Palpation was the method used by Riva- 
Rocci and is probably the simplest. A cuff occludes the brachial artery, 
and when the palpated pulse returns, the pressure in the cuff is re- 
corded as systolic pressure and when the pulse is felt to be at its 
fullest, that is, equal to the strength before cuff inflation, this is dia- 
stolic. With this method it is not possible to determine mean arterial 
pressure, and the diastolic pressure is frequently inaccurate. 

The ultrasonic method of pulse detection is based on a principle 
first described in 1842 by Christian Doppler. Its application entails 
applying a cuff to occlude a proximal artery. A Doppler transducer 
placed distal to the occlusion detects arterial wall motion as the cuff 
is deflated and flow resumes. Two crystals are implanted into the 
same transducer. One emits a short burst of very high frequency 
sound and the second receives the reflected sound energy. The re- 
flected pulse is analyzed for frequency shift, and arterial wall motion 
is determined. Usually a 2 to 10 MHz ultrasound source and receiver 
are used. Since penetration of ultrasound is inversely related to fre- 
quency, and resolution is directly proportional to frequency, in small 
infants the higher ultrasonic frequencies give higher resolution with 
adequate pentration. In children and adults the 2 MHz system works 
best. 

The Arteriosonde ultrasound blood pressure system (Roche Med- 
ical Electronics Inc.) was introduced in the early 1970s as one of the 
first “automatic” blood pressure devices. It included an arm cuff, 
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pulse sensor, and processing system. The pulse sensor contained sev- 
eral ultrasonic emitters and receiver elements. It had the disadvan- 
tage (like most ultrasonic systems) of requiring conductive jelly place- 
ment between the sensor and the artery. 

Once again, the accuracy depends on several principles. Mea- 
sured systolic values can be lower than intra-arterial because distal 
blood flow lags behind the initial opening of the artery under the cuff. 
Diastolic values are frequently inaccurate because of the vague end- 
point. There have been numerous studies comparing intra-arterial and 
indirect Doppler blood pressure with good correlation 
noted, 12-1418.22,25,29,47 This method has been frequently used in in- 
fants because of the difficulty of hearing Korotkoff sound in these 
patients." 

Gordon et al” compared blood pressure measurements in 32 pre- 
mature infants and found an average Doppler systolic blood pressure 
of 76.6 mm Hg versus 76.3 mm Hg for intra-arterial. The average 
diastolic Doppler pressures of 66.8 mm Hg compared with an intra- 
arterial value of 61.6 mm Hg. The correlation coefficients for Doppler 
versus intra-aortic were 0.98 and 0.93 for systolic and diastolic, re- 
spectively. Poppers’? reported a good correlation for direct arterial 
pressure and Doppler-determined systolic and diastolic pressures in 
12 children even when Korotkoff sounds were inaudible. Poppers et 
al*! also studied 15 adults using the Arteriosonde-1217 comparing 
both manual auscultatory and direct intra-arterial measurements and 
reported good correlation. Hochberg and Salomon”® reported an ex- 
cellent correlation between direct pressure and indirect ultrasound 
methods of blood pressure determination. In their study, the mean 
systolic difference between the automatic blood pressure system and 
intra-arterial measurement was 0.5 mm Hg. Mean diastolic difference 
was 7.6 mm Hg. There was close correlation between the automatic 
ultrasound blood pressure determinations and Korotkoff-obtained 
pressures, although both gave higher values than intra-arterial meth- 
ods. 

Electrical interference from operating room electrosurgical 
equipment limits the usefulness of ultrasonic blood pressure systems. 
Many of the newer systems have auto-sensing systems that interrupt 
the current determination when electrical interference is detected. 

Photoplethysmography provides another method for peripheral 
pulse detection. An occlusive cuff is used, along with a device that 
transmits light through the tissue distal to the artery. The light trans- 
mission is measured by a light detector as the cuff is deflated. With the 
passage of blood under the cuff, a change in light transmission occurs 
and systolic pressure is noted. This system measures only systolic 
pressure. 

In 1959 Robinson described a simple device that could be con- 
structed utilizing photoplethysmography and displayed the output 
on a graphic recorder or oscilloscope.*° Since then, light sources and 
detectors have become simpler and now even a pulse oximeter can 
serve as the peripheral pulse detector. A recent study showed good 


]22 


NONINVASIVE BLOOD PRESSURE MEASUREMENT 731 


correlation for systolic blood pressure determined by pulse detection 
with a pulse oximeter and by Doppler.” Wallace reported less diffi- 
culty when the loss of pulse was determined during inflation of the 
cuff with return of pulse with cuff deflation, since loss of pulse is 
immediately detected by the pulse oximeter. 

Recently, Ohmeda has introduced an automated noninvasive 
blood pressure system that uses oscillometry for routine blood pres- 
sure determinations and a finger pulse detector for “stat” systolic 
determinations by detecting return of flow in the finger. The pulse 
detector appears similar to the standard Ohmeda pulse oximeter 
probe and is placed on a digit on the same extremity as the occluding 
cuff. This system has the benefit of both methods, that is, reliable 
systolic, diastolic, and mean pressure determinations by oscillometry 
and quick “stat”? systolic determinations by return of pulse. Clinical 
trials with this device have yet to be reported. 


Pitfalls of Occlusive Systems 


Although easy to use, automated intermittent noninvasive sys- 
tems have the potential to cause complications. Skin avulsion, ulnar 
neuropathy, and venostasis have all been reported. 475052 These are 
usually considered to be secondary to frequent and prolonged deter- 
minations and have prompted manufacturers to decrease the time 
needed for a blood pressure determination. One manufacturer has 
decided not to include a continuous or “stat” mode [per, Invivo Re- 
search Labs]. Because the continuous mode repetitively cycles and 
deflation times can take 20 to 40 seconds, the total occlusion time can 
be excessive. In addition there are several other disadvantages: (1) not 
all pressures can be determined, for example, diastolic and mean pres- 
sure cannot be determined by palpation; (2) the accuracy is depen- 
dent on user ability to hear, feel, or see; and (3) beat-to-beat blood 
pressure measurement is not possible with palpation, auscultation, or 
return to flow. Even when these methods are automated the accuracy 
of blood pressures obtained suffers from three other factors: (1) there 
is no uniform method to detect diastolic pressure; (2) the pressures 
measured may be inaccurate since the automated devices sample 
pressures over multiple heart beats; and (3) these devices only pro- 
vide information at best every 20 to 30 seconds. 


NONOCCLUSIVE METHODS 


The numerous disadvantages of the occlusive methods of blood 
pressure analysis, plus several personal factors, led to the develop- 
ment by Wesseling of the original nonocclusive device that could 
continuously measure blood pressure under clinical conditions. The 
first personal factor was simply a dream that blood pressure could be 
measured noninvasively on a continuous beat-to-beat basis. The sec- 
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ond was a need to study the effects of a baroreceptor reflex mechanism 
on the control of blood pressure on a short-term basis. The third was 
a need for a device that would provide a continuous signal for a beat- 
to-beat pulse contour cardiac output computer.” The fourth personal 
factor was the need to develop continuous noninvasive techniques 
that removed the need for user skill in interpreting pressure. These 
needs, as well as the clinical needs of the anesthesiologist to have a 
continuous noninvasive measure of blood pressure available, have 
been addressed by the development of the automatic finger arterial 
blood pressure device Finapres (BOC Healthcare). Another device 
known as the Cortronic APM 770 (Cortronic Corp.) claims to measure 
blood pressure continuously from an upper arm cuff. The Finapres 
uses the Penaz method for blood pressure measurement while the 
Cortronic APM 770 uses a mathematical model for blood pressure 
determination. Both methods will be described in the following sec- 
tions. 


Penaz Method 


The basis for the development of a nonocclusive blood pressure 
measurement system lies in Marey’s work in the 1870s and 1880s.°4 
Marey demonstrated a method using counterpressure to determine 
blood pressure. The counterpressure was applied to a sealed system 
in which the hand and forearm were immersed in water. As pressure 
in the system was increased, Marey observed oscillations in the re- 
corded pressure caused by arterial pulsations. When the oscillations 
were at a maximum, the arterial wall was relieved of tension, and the 
blood pressure was transmitted directly to the water-filled chamber 
and then to a crude recording device. 

Marey's unloaded arterial wall principle was not considered as 
the basis for continuous noninvasive pressure measurement until 
1968, when Penaz described a method in which finger arterial blood 
pressure was measured continuously.’ The method of Penaz was 
extended and refined by Wesseling, who used technical advances 
involving miniaturization of equipment and microprocessors to de- 
velop a clinically useful device. 

Penaz constructed a device that consisted of a rigid, segmented 
cuff containing a light plethysmograph; a valve to control pressure in 
the cuff; a manometer; and a servo system to maintain the plethysmo- 
graphic output constant (Fig. 3). The cuff is placed around a finger and 
inflated to a pressure equal to the pressure in the artery. Compressing 
the artery to its unstretched size ensures that the venous compartment 
is collapsed. With the artery unloaded, a potentiometer is set, based 
on the amount of light measured by the light plethysmograph. As 
intra-arterial pressure increases, the amount of blood entering the 
artery increases. This causes the finger to enlarge, thereby lengthen- 
ing the distance between the plethysmograph sensor and light source. 
Therefore, the plethysmograph measures less light, and the signal 
output from the plethysmograph decreases. A difference from the set 
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Figure 3. Original block diagram of the servo plethysmomanometer by Penaz. 
Following the arrows in the diagram a closed servo loop is traced. A finger (F) is shown 
in a rigid cuff (S) illuminated by a lamp (L). The plethysmogram is from a photocell 
(PC). In closed loop operation, with switch (SW) as shown, the output from the photo- 
cell is compared with a constant reference level (C,). Any difference is amplified by a 
differential amplifier (DA) and shown on the volume output [V(PG)]. A electronic 
controller (PID), followed by power amplifier (PA), drives the electropneumatic trans- 
ducer (EPT). Cuff pressure is read by manometer [M(CP)] supplied by a source of 
compressed air (COMPR). 


point of the potentiometer now develops, the system is directed to 
increase the pressure in the cuff to maintain the zero gradient across 
the arterial wall. With fast processing, cuff pressure can follow intra- 
arterial pressure continuously. 

The initial calibration of the potentiometer relies on the fact that 
zero transmural pressure across the arterial wall occurs somewhere 
between one half to one third of the unclamped or open volume of the 
artery. By observing the mean arterial pressure the Finapres measures 
the arterial volume changes from the plethysmograph and derives the 
open and collapsed arterial volumes. The device then sets the poten- 
tiometer at an appropriate value about halfway between these two 
volumes. During this state of zero transmural pressure, the pressure in 
the cuff is assumed to be identical to intra-arterial pressure, and thus 
re ae blood pressure is measured noninvasively and continu- 
ously. 

The Penaz method is simple in design but is difficult to imple- 
ment, especially on a mass production basis. It required technical 
refinements of the cuff, valve, and servo mechanism. The cuff prob- 
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lems were overcome by the development of a multilayered plastic cuff 
that incorporates both the air bladder and the plethysmograph. The 
pneumatic valve was miniaturized to require a minimal amount of air 
to function. The servo system had to respond to pulse pressures over 
200 mm Hg, and to arterial pressure waveform upstrokes with slopes 
up to 4000 mm Hg per second. A system bandwidth of 100 Hz was 
found to be necessary for the servo mechanism to maintain clinical 
accuracy. Finally, the entire system was automated using an Intel 
8080-based 8-bit microcomputer. 

Although the physiology of the Penaz method is not entirely un- 
derstood, the device developed by Wesseling et al, and now commer- 
cially available under the trade name Finapres, operates as follows. A 
calibration or open mode searches for the cuff pressure that will result 
in a plethysmogram indicating near zero transmural pressure. This 
calibration mode is also known as the “lock procedure” and identifies 
that portion of the plethysmogram of maximum oscillations or mean 
arterial blood pressure.** Based on these initial measurements, the 
computer estimates the servo set point and closes the servo loop. 

In the closed or servo mode the pressure in the cuff is automati- 
cally controlled so that the diameter of the artery remains near the set 
point pressure determined during the open mode. .This is accom- 
plished by maintaining the output from the photoplethysmograph 
constant and proportionally changing the pressure in the cuff in the 
same direction as the intra-arterial pressure. Initial clinical work with 
the prototype device indicated that there was a tendency for set point 
drift, particularly in the first 20 minutes of recording.?! The open 
mode set point determination is now repeated at intervals to adjust for 
this drift as well as for other changes induced by cardiovascular 
stresses and reflexes. 


Finapres Accuracy 


The Finapres device has undergone numerous clinical trials com- 
paring it with directly measured intra-arterial and conventional blood 
pressure measurements. *3}9°.°1°6.60 Initial studies in nonanesthe- 
tized patients used an early prototype device without the fast valve 
with a 25 Hz bandwidth. This study compared blood pressure mea- 
sured from an indwelling brachial artery catheter to a prototype finger 
cuff positioned at heart level.’ This study found that both systolic and 
diastolic finger blood pressures measured by the Penaz method un- 
derestimated invasively measured pressure by an average of 6 mm 
Hg. This statistically significant difference was thought to be due to 
the pressure gradient between the brachial artery and digital arteries. 
A subsequent study in anesthetized patients, with the hands lying by 
the patient’s side, showed no difference in mean pressure between 
the Penaz method and intra-arterial pressure.°! This difference be- 
tween studies is related to the fact that the finger cuff acts like a 
pressure transducer. The brachial digital artery pressure gradient de- 
scribed previously was compensated for because the finger was lower 
than the heart. 
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Initial application of the Penaz method during anesthesia was 
performed by Smith et al”? in 17 patients undergoing major surgery 
including open-heart procedures. Blood pressures obtained from two 
prototype Finapres devices were compared with pressures obtained 
from an indwelling radial artery cannula (Fig. 4). The prototype de- 
vices accurately and linearly tracked intra-arterial pressures over a 
wide range of pressures and during rapidly changing physiologic con- 
ditions. The offset error for mean pressure averaged 1 + 4 mm Hg, 
with a standard deviation of 4 to 9 mm Hg. There was a mean corre- 
lation coefficient of 0.96, with a range of 0.89 to 0.98. 

A subsequent study looked at 50 anesthetized patients, again 





Figure 4. Actual trace showing correlation of intra-arterial pressure with Finapres 
devices. Segment of the chart record of a patient during and immediately following 
cardiopulmonary bypass. Top to bottom: three original records, three low-pass filtered 
records showing mean pressure, and two records from different channels. The full scale 
of all records is 200 mm Hg. Blood pressure samples (91, 92, and 93) were taken at the 
times indicated by the sample numbers handwritten below the third trace, The Fi- 
napres measured nonpulsatile pressures as accurately as pulsatile pressures. IAP = 
intra-arterial pressure. FIN] and FIN2 = two Finapres prototypes. (From Smith NT, 
Wesseling KH, de Wit B: Evaluation of two prototype devices producing noninvasive, 
pulsatile, calibrated blood pressure measurement from a finger. J Clin Monit 1:17~29, 
1985; with permission.) 
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comparing Finapres pressures with invasive radial artery pressures.*+ 
The thumb cuff was used because it has been suggested that the 
digital artery of the thumb will provide more accurate pressures, be- 
cause it has a better supply from the radial artery.’ In the study, cuffs 
were placed on the thumb as well as on other fingers on the same 
hand as the intra-arterial line. Overall, Finapres systolic and diastolic 
pressures differed from intra-arterial pressures by a mean of — 4.8 mm 
Hg and 1.49 mm, respectively. However, the pressures obtained from 
the thumb cuff had the highest correlation coefficients for all pres- 
sures (systolic 0.95, diastolic 0.88, and mean 0.95) when compared 
with those obtained with cuffs placed on other fingers. The correla- 
tion coefficients for the latter ranged from systolic 0.50 to 0.92, dia- 
stolic 0.76 to 0.93, and mean 0.77 to 0.89. 

Several studies have compared the Finapres with occlusive cuff 
methods. Arntzenius et al* found the systolic pressures obtained by 
the Finapres to be higher than the upper arm cuff measurements by an 
average of 6 mm Hg, while Finapres diastolic pressure was an average 
of 3 mm Hg less. Wesseling et al® also compared the Finapres with 
auscultatory blood pressure determinations in an ambulatory, elderly 
population. They concluded that finger systolic pressures were un- 
derestimated by a mean of 3 mm Hg and diastolic pressures were 
underestimated by an average of 5 mm Hg when compared with the 
auscultatory method. The authors suggested that the Finapres had 
several advantages over conventional blood pressure measurements. 

There are other advantages related to the Finapres’ ability to mea- 
sure blood pressure continuously. Because the waveform was dis- 
played, several patients with dysrhythmias were detected by the 
Finapres.© In addition, use of the Finapres eliminated the so-called 
cuff responders, that is, the individuals whose blood pressure in- 
creases when the blood pressure cuff is inflated. Johnson et al°° 
showed that the Finapres was consistently able to reflect the transient 
changes in blood pressure and heart rate associated with epidural test 
doses of local anesthetics containing epinephrine. 

Several investigators have examined factors that might affect the 
accuracy of the Finapres. These factors include prolonged measure- 
ment, effects of vasoactive drugs, the presence of a proximal arterial 
catheter, peripheral vascular disease, and rapidly changing clinical 
conditions. Finapres measurements have been evaluated over periods 
of up to 7 hours, with no reduction in accuracy noted.*! Dorlas et al? 
studied the effects of infusion of phenylephrine on the accuracy of 
Finapres measurement compared with an automated upper arm blood 
pressure cuff. Following administration of the vasopressor, Finapres 
measurements of systolic blood pressure were on the average 7 mm 
Hg higher than the upper arm cuff and the mean diastolic pressures 
were 9 to 10 mm Hg below the upper arm cuff. 

Kurki et al’? compared the finger blood pressures with pressures 
obtained from a radial artery catheter after phenylephrine infusion 
and reported that there was a marked decrement in Finapres blood 
pressure. This was noted especially in patients with low intravascular 
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volume. They suggested that the phenylephrine infusion caused pe- 
ripheral vasospasm around the radial artery cannula and resulted in 
decreased peripheral blood flow. This situation should rarely occur, 
as one would not use both the Finapres and an intra-arterial cannula. 
In the same study, a temporary decrease in peripheral blood flow, as 
estimated by a Doppler velocity flow meter, was noted immediately 
following insertion of the intra-arterial cannula. This decrease was 
enough for the Finapres to alarm with a “no pulse” warning. Within 
several minutes the peripheral blood flow returned to a level suffi- 
cient to provide a signal for the Finapres to use. This phenomenon 
may be on the basis of vasospasm induced by the insertion of the 
cannula, with the vessel clamping around the cannula. 

East et al?” reported that in patients with peripheral vascular dis- 
ease there was no statistically significant difference in pressure read- 
ings when the Finapres was compared with intra-arterial or oscillo- 
metric methods. 

Three papers have reported on the accuracy of the Finapres dur- 
ing rapidly changing clinical conditions such as sudden hypotension, 
initiation of cardiopulmonary bypass, or initiation of one-lung venti- 
lation during thoracotomy. Van Egmond et alë? reported that the Fi- 
napres was able to closely reflect sudden changes in blood pressure. 
Smith et al”! demonstrated that the Finapres was able to measure 
accurate blood pressure during and immediately following cardiopul- 
monary bypass, even when blood flow was nonpulsatile. The finger 
blood pressure device was also accurate in a case of extreme hypoten- 
sion seen when a pulmonary embolus occurred. The authors con- 
cluded that proper performance of the Finapres was unaffected by 
anesthetic agents, hemodilution, shock, or wide swings of tempera- 
ture and blood pressure during cardiac surgery. 

Kurki et al** reported that the Finapres occasionally was not re- 
liable during thoracotomy when one-lung ventilation was initiated 
and the PaO, suddenly decreased. This phenomenon did not occur 
consistently, and the mechanism is unknown. The Finapres values 
returned to normal after two-lung ventilation was re-established. 

Because the finger cuff is continuously inflated at mean arterial 
pressure, the effects of prolonged application of the finger cuff have 
been studied. Long-term effects of continuous cuff inflation range 
from early clinical evidence of peripheral venous congestion to mea- 
sured decreases in capillary blood Po,.** The capillary Po. returned 
to normal within 30 seconds of the cuffs release. In awake subjects 
the Finapres has been used for up to 3 hours without reports of un- 
pleasant sensations.** Although temporary reddening of the skin has 
been observed, there have been no reports of adverse sequelae fol- 
lowing prolonged application of the finger cuffs. 

In conclusion, the implementation of the Penaz-Wesseling un- 
loaded artery method provides the clinician with an accurate, nonin- 
vasive, continuous beat-to-beat display of the arterial waveform and 
the systolic, diastolic, and mean blood pressures. It is accurate when 
compared with occlusive techniques or with intra-arterial pressures. 
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It does not use an occlusive cuff that would impede intravenous flow. 
In addition, the currently available device displays an arterial wave- 
form that can be used for diagnostic purposes. The Finapres is a major 
step in noninvasive automated cardiovascular monitoring. 


Cortronic 


The Cortronic APM 770 is a recently patented device that claims 
to measure blood pressure on a continuous beat-to-beat basis by the 
use of an upper arm cuff. This is another device that essentially uses 
the oscillometric method described by Marey to determine systolic, 
diastolic, and mean blood pressures. The Cortronic uses the empirical 
parabolic equation: 


y = Ax +B 


to model the displacement or oscillation, x, of an arterial wall as seen 
by a low pressure cuff, to the arterial pressure, y, causing the displace- 
ment. The coefficients A and B are dependent on arterial wall stiffness 
and smooth muscle tone of the individual patient. The prototype de- 
vice used two cuffs, a normal sphygmomanometer upper arm cuff and 
a low-pressure cuff on the opposite arm. The systolic, diastolic, and 
mean blood pressures are determined by the oscillometric methods 
by gradually decreasing the pressure in the sphygmomanometer cuff. 
At the same time, the low-pressure cuff is inflated to approximately 20 
mm Hg. As the blood pressures are being determined in the sphyg- 
momanometer cuff, the characteristic of the waveform generated and 
the corresponding arterial wall displacement is noted by the low- 
pressure cuff, which then generates a computer “look-up” table. This 
look-up table consists of average displacements associated with aver- 
age systolic and diastolic pressure from the peaks of the oscillations. 
The sphygmomanometer cuff is deflated, and only the low-pressure 
cuff remains inflated. The low-pressure cuff senses the arterial dis- 
placement, then by referring to the look-up table, blood pressures 
corresponding to that amount of arterial wall displacement measured 
earlier are determined. There are no data as to how this device re- 
sponds to vascular changes, reflex or otherwise. 

The currently available Cortronic device uses a single upper arm 
cuff to sequentially perform both high- and low-pressure measure- 
ments. Initial calibration is accomplished by inflating the high- 
pressure cuff above systolic arterial pressure. After cuff inflation, a 4 
mm per second step-down of inflation pressure begins, and the wave- 
form is sampled 64 times per second to generate the arterial wall 
characteristics. The low-pressure cuff is then inflated to 20 mm Hg 
and a servo mechanism maintains this pressure continuously. The 
device will automatically recalibrate at fixed intervals or at intervals 
selected by the user. It should be noted that during the calibration 
phase the patient must be stationary, since calibration is impossible 
with motion artifact. The manufacturer claims that the device pro- 
vides continuous blood pressure determinations that correlate with 
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intra-arterial values, although published data describing the Cortronic 
are limited. The manufacturer relates that it is not uncomfortable for 
long-term use. During orthopedic surgery involving frequent surgical 
manipulations it has been noted that the device can be inaccurate. 
This suggests that it is very artifact sensitive. The device also has 
difficulty measuring pressure in patients with large flabby upper arms 
or decreased muscle mass (personal communication, R. Carrcuci). 
Further work is needed before final judgment can be passed on this 
device. 
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Pulmonary Artery Catheter Monitoring 
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Quantitative assessment of hemodynamic function is essential for 
the successful management of high-risk surgical patients. Studies 
have shown that clinical observation is often subjective and fre- 
quently inadequate.?™?S43 Medical therapy based on clinical assess- 
ment alone may be harmful. 

Technological advances in cardiopulmonary monitoring have 
provided the anesthesiologist with the ability to rapidly assess multi- 
ple cardiorespiratory parameters. Cardiopulmonary monitoring may 
be noninvasive or invasive. Invasive monitoring should be reserved 
for situations in which noninvasive techniques cannot supply the 
needed information. 

The development of flow-directed, balloon flotation pulmonary 
artery (PA) catheters has been a major advance in hemodynamic mon- 
itoring. Initially, the PA catheter provided the ability to assess intra- 
cardiac pressures. Many studies have demonstrated the advantages of 
PA catheters in assessing left ventricular preload and diagnosing hy- 
drostatic pressure pulmonary edema. Right heart pressures are unre- 
liable determinants of left ventricular filling pressures.”’ In patients 
with cardiopulmonary disease or in the elderly surgical patient, the 
central venous pressure (CVP) measurements may in fact vary in- 
versely with the pulmonary capillary wedge pressure (PCWP).)°3)7! 

For the reasons cited, there has been a dramatic increase in PA 
catheter monitoring. In part, the clinical advantages of PA catheters 
include the ability to (1) measure intracardiac pressures, (2) determine 
cardiac output, and (3) obtain intracardiac and mixed venous blood 
samples. This information can be used to assess volume status and 
ventricular performance, calculate the derived hemodynamic and res- 
piratory indices, and evaluate tissue oxygen balance. Optimal use of 
PA catheters depends on the following: (1) appropriate application of 
reliable data, (2) understanding what factors alter the validity of the 
measurements, and (3) understanding the complications associated 
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with the use of PA catheters. Therapeutic decisions based on “num- 
bers” alone are always inappropriate. PA monitoring must provide 
more than data points. In critically ill patients, it is essential to incor- 
porate the data points with sound clinical judgment. 

Since their introduction two decades ago, there has been a vast 
expansion in the clinical application of PA monitoring. Indications for 
PA monitoring are broadly defined in the current medical textbooks. 
PA monitoring can help define the etiology of the clinical problem, 
monitor the pathophysiologic progression, and guide in therapy as 
well as monitor the response to therapy. 

This article focuses on (1) the validity and interpretation of data 
obtained from PA pressure monitoring, (2) physical complications of 
PA monitoring, (3) thermodilution cardiac output, (4) mixed venous 
oxygen saturation monitoring, and (5) clinical application of PA cath- 
eters. 


DATA MEASUREMENT AND INTERPRETATION 


The monitoring of intracardiac pressures, especially PCWP, is a 
primary function of PA monitoring. The accuracy and validity of the 
data are dependent on (1) the proper functioning of the pressure mon- 
itoring equipment, (2) an understanding of the various factors that 
alter the relationship between the PCWP and other cardiac pressures 
and volumes, and (3) obtaining the true PCWP from the tracing. 

Technical errors due to pressure monitoring equipment occur 
quite commonly. Measurement errors can invalidate the clinical use- 
fulness of data. The equipment necessary for PA catheter monitoring 
includes the catheter, the pressure transducer, tubing, flush system, 
connectors, and oscilloscope. A detailed discussion of the dynamic 
response characteristics (that is, natural resonant frequency, damping 
coefficient) of pressure monitoring systems is beyond the scope of this 
article and is reviewed elsewhere*** (see the article by Horrow and 
Seitman in this issue). 

“Catheter fling” and “dampened” tracings refer to alterations in 
the quality of the transduced pressure tracing. Damping can result 
from either air bubbles or a blood clot in the tubing system; loose, 
damaged fittings; long, narrow, compliant, or kinked tubing; exces- 
sive stopcocks; apposition of the catheter tip against the vessel wall; 
or inadequate flushing following aspiration of PA blood. Fling is pro- 
duced by catheter motion during cardiac contraction. Systolic pres- 
sure values may be affected by both catheter fling and damping. Ad- 
equacy of dynamic response can be checked by assessing the system 
response following a rapid flush. 

Assuming a reasonable dynamic response of the catheter, accu- 
racy is dependent on calibration of the transducer system. Static cal- 
ibration usually requires two reference points: the zero point and the 
calibration point. The zero point is referenced to atmospheric pres- 
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sure and the calibration point is determined by the pressure of a 
column of mercury applied to the transducer. Modern transducer am- 
plifiers use internal electrical signals to simulate the calibration point. 
The transducer is zeroed at the midleft atrial level for central hemo- 
dynamic pressure monitoring. In the supine position, the midchest 
level, and the upright position, the midchest level at the junction of 
the sternum with the fourth intercostal space is used to determine the 
midleft atrial reference level. 


HEMODYNAMIC PRESSURE MONITORING 


The hemodynamic monitoring of high-risk patients assumes an 
appreciation of the various physiologic determinants of cardiac out- 
put, arterial pressure, and oxygen delivery (Fig. 1). Preload is defined 
as the initial ventricular fiber length at end-diastole and its direct 
effects on cardiac performance (Frank-Starling). Clinically, preload is 
determined by ventricular end-diastolic volume (EDV). EDV is diffi- 
cult to measure routinely at the bedside. Changes in left ventricular 
EDV (LVEDV) will alter left ventricular end-diastolic pressure 
(LVEDP). The relationship of LVEDV to LVEDP is dependent on 
ventricular compliance (discussed later). PA catheter monitoring is 
used to measure PCWP as a reflection of LVEDP. 

Figure 2 depicts the relationship between pulmonary artery end- 
diastolic pressure (PAEDP), PCWP, pulmonary venous pressure 
(PVP), and left atrial pressure (LAP) to assess ventricular preload. In 
the past, estimates of each of these pressures have been used as a 
guide to the LVEDP. The accuracy of these estimates is directly re- 
lated to their proximity to the left ventricle. 

Certain factors alter the ability to obtain accurate and meaningful 


O, Delivery Arterial Pressure 
O» Content Cardiac Output Resistance 
Preload / N 
Afterload Stroke Volume Heart Rate 


Contractibility 


Figure 1. The primary determinants of cardiac output and oxygen delivery. 


746 JEFFERY S. VENDER 





PAEDP «—> PWP -— PVP -—— LAP «—> LVEDP 


Figure 2. The anatomic position of a PA catheter in the pulmonary artery is dem- 
onstrated. The dotted line positions the inflated balloon in the “wedged” position. RA 
= right atrium, RV = right ventricle, PA = pulmonary artery, Alv = alveolus, PCap = 
pulmonary capillary, PV = pulmonary vein, LA = left atrium, LV = left ventricle, I, II, 
III characterize the relationship of P iveolan Parterials Pvenous as described by West. The 
bottom is a progressive correlation of vascular pressures. 


data from PA catheters. The following discusses these technical, phys- 
iologic, and pathologic factors. 

As shown in Figure 2, the PA catheter in the proximal pulmonary 
artery bypasses the right heart chambers and valves. When the PA 
catheter balloon is inflated (PCWP) at end-diastole, there is cessation 
of forward blood flow in the “wedged” PA segment and a static fluid 
column exists between the left ventricle and the PA catheter tip. If 
there is no pressure gradient, then the PCWP will equilibrate with 
distal pressures (LVEDP). In healthy individuals, changes in the 
LVEDP are reflected by all proximal end-diastolic pressures (that is, 
PAEDP, PCWP, PVP, LAP, LVEDP). However, as with any static 
fluid column, alterations in the internal and external forces applied 
will diminish the ability of the catheter to reflect ttue LVEDP. 

Under normal conditions, PAEDP is dependent on all distal pres- 
sures (for example, PVP, LAP, LVEDP). Normal pulmonary capillary 
resistance is minimal and impedance to flow limited.°° Acute or 
chronic parenchymal pulmonary disease, pulmonary emboli, alveolar 
hypoxia, acidosis, hypoxemia, and vasoactive drugs can increase pul- 
monary vascular resistance (PVR).°° An elevated PVR alters the direct 
relationship of PAEDP to PCWP. When heart rate is above 120, dia- 
stolic time is shortened, reducing the period for distal runoff. This also 
alters the relationship between PAEDP and PCWP. When PVR is 
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increased, or when a significant tachycardia exists, the PAEDP cannot 
be assumed to reflect either the measured PCWP or any distal end- 
diastolic pressure. | 

The value of PCWP monitoring depends on accurate measure- 
ments and proper interpretation. The various factors that influence 
PCWP measurement and interpretation are well described.?)°4%>" 
Under normal circumstances, the PCWP reflects PVP and all distal 
pressures. The correlation between PCWP and PVP can be altered by 
PA catheter tip location, increased airway pressure (PEEP), and hy- 
povolemia. West et al% described a gravity-dependent difference be- 
tween ventilation and perfusion in the lung. Based on the relationship 
between pulmonary arterial (Pa), alveolar (Pary), and venous (Pv 
pressures, West et al categorized these differences into three zones.* 
As depicted in Figure 2 in zone I alveolar pressure (Pay) exceeds Pa 
and Pv. In zone II Pary is greater than Pv but less than Pa. Only in 
zone III are Pa and Pv greater than P,,y. In zone III, blood flow is 
uninterrupted, allowing the PA catheter tip to continuously commu- 
nicate with distal vascular pressure. Pressures recorded in zones I and 
II can reflect alveolar more than vascular pressure. With increasing 
alveolar pressure (for example, PEEP) or decreased intravascular vol- 
ume, zone III areas can revert to zone IJ or I. PA catheter tip position 
in zone III is essential for reliable PCWP monitoring. Because the 
catheters are flow directed, they tend to advance to areas of higher or 
continuous blood flow, which usually occur in a dependent area of the 
lung (zone III). 

The following characteristics suggest a catheter tip outside zone 
III: (1) a smooth appearing PCWP tracing, (2) a PAEDP less than the 
PCWP, (3) an increase in PCWP greater than 50 per cent of the change 
in alveolar pressure, and (4) a decrease in PCWP greater than 50 per 
cent of the reduction in PEEP are all suggestive of a zone I or II 
catheter tip. A lateral chest roentgenogram can help confirm the 
catheter tip location relative to the left atrium.’° Increasing intravas- 
cular volume or decreasing alveolar pressure can convert zones I or II 
to zone III. Alternatively, the catheter or patient can be repositioned 
to place the catheter tip in a dependent position (zone III). Pulmonary 
catheter tip position may be less important in the patient with pulmo- 
nary parenchymal injury.°” Many critically ill patients have noncom- 
pliant lungs, reducing the transmission of alveolar pressure to the 
pulmonary vasculature.” Finally, spontaneous ventilation or inter- 
mittent mandatory ventilation improves venous return and promotes 
normal pulmonary venous pressure. 

It is uncommon for a pressure gradient to develop between the 
pulmonary veins (PVP) and left atrium. However, occlusion of the 
pulmonary vein (for example, tumors, fibrosis, vasculitis, atrial myx- 
oma) can cause PVP to exceed LAP.” Furthermore, it has been spec- 
ulated that pulmonary venoconstriction occurs with endotoxemia and 
sepsis. 

Normally mean LAP approximates LVEDP. Valvular heart dis- 
ease and alterations in ventricular compliance can alter the relation- 
ship between LAP and LVEDP. With mitral stenosis, LAP will ex- 
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ceed LVEDP. In patients with mitral insufficiency, ventricular systole 
causes retrograde ejection and alteration in diastolic filling and a LAP 
that can exceed LVEDP. This is detected by the presence of a large V 
wave on the PCWP tracing. A large V wave can mimic the PA tracing, 
leading to an erroneous interpretation. Aortic regurgitation and pre- 
mature closure of the mitral valve cause a reverse pressure gradient 
(LVEDP greater than LAP) due to continued retrograde ventricular 
filling from the aorta.°° 

A decrease in left ventricular compliance can cause a disparity 
between LAP and LVEDP. Atrial contraction at end-diastole causes a 
greater increase in LVEDP (than LAP), augmenting ventricular filling 
and function. The “a” wave of the PCWP tracing best reflects the 
LVEDP in conditions associated with a decreased ventricular com- 
pliance, in the absence of pulmonary vascular obstruction or valvular 
heart disease.27°" 

Accuracy of measured pulmonary pressure does not ensure that a 
linear relationship to ventricular volume exists. As defined earlier, 
preload is the length of the myocardial fiber at end-diastole. The fiber 
length is determined by the LVEDV. Therefore, the relationship be- 
tween LVEDP and LVEDV is dependent on ventricular compliance 
(Fig. 3). 

Under conditions of unchanging compliance, there is a curvilin- 
ear relationship between LVEDP (PCWP) and LVEDV. With increas- 
ing compliance, LVEDV can increase with minimal change in 
LVEDP (PCWP). The reverse occurs with decreased compliance: 
LVEDP (PCWP) increases with minimal change in LVEDV. A de- 
crease in ventricular compliance always results in an increase in 
LVEDP. This explains the development of hydrostatic left ventricular 
pulmonary edema in patients with normal LVEDV. The nonlinear 
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Figure 3. Typical series of left ventricular compliance curves. 
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nature of the compliance curve mandates that compliance cannot be 
thought of as a single number. Ventricular compliance is dynamic and 
changes abruptly with physiologic or therapeutic alterations. 

Many factors have been identified that decrease ventricular 
complaince®!>* (Table 1). Increased ventricular compliance is asso- 
ciated with the use of vasodilators (for example, nitroglycerin, nitro- 
prusside), congestive myopathies, left-to-right interventricular septal 
shift, and regurgitant mitral or aortic valves. 

LVEDP (PCWP) is an intravascular pressure. Transmural pres- 
sure is defined as the net distending pressure of the left ventricle. 
Transmural pressure is a true estimation of LVEDP, without the effect 
of pressure extrinsic to the heart. Transmural pressure results from 
subtracting the juxtacardiac pressure from intracavitary (LVEDP) 
pressure. Juxtacardiac pressure, the pressure surrounding the heart, is 
approximated by measuring the intrathoracic (intrapleural) pressure. 
During spontaneous ventilation the pleural pressure approaches zero 
at end-expiration. „When this occurs, transmural pressure approxi- 
mates LVEDP.!° 

The effects of PEEP on transmural ventricular pressure can affect 
the relationship of LVEDP (PCWP) to LVEDV. In addition to PEEP’s 
effects on non-zone III lung, PEEP can alter ventricular distensibility 
by increasing juxtacardiac pressure and decreasing venous return. 
This causes a decrease in transmural pressure and a disproportionate 
increase in LVEDP (PCWP) relative to LVEDV (decreased compli- 
ance). The effects of PEEP on transmural pressure can be assessed by 
measuring pleural pressure. In clinical practice, pleural pressure is 
reflected by the midesophageal pressure obtained in the lateral de- 
cubitus position.°° During PEEP therapy, the increase in LVEDP 
(PCWP) and effects on transmural pressure are limited by the pulmo- 
nary compliance and a reduction in venous return. As the lung be- 
comes noncompliant, the effect of pleural pressure is reduced, and the 
PCWP (LVEDP) correlates better with transmural pressure. “Auto- 
PEEP” is a phenomenon in which mechanically ventilated patients 
progressively increase their intrathoracic pressure.°’ The mechanism 
is presumed to be due to air flow obstruction during expiration and 
residual air trapping. The effects of auto-PEEP on transmural and 
intrapleural pressure are similar to those described for PEEP. Clini- 
cally, PEEP levels less than 10 cm H,O have a limited effect on 
intrapleural pressure, making LVEDP (PCWP) a close reflection of 
transmural pressure. 

Alterations in ventilatory patterns can cause fluctuations in intra- 
pleural pressure. Large swings in intrapleural pressure occur with 


Table 1. Decreased Left Ventricular Compliance 


Myocardial ischemia Cardiac tamponade, effusion 
Restrictive cardiomyopathy Myocardial fibrosis 
Right-left interventricular septal shift Inotropic drugs 


Aortic stenosis Hypertension 
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positive pressure ventilation, labored respiratory efforts, Valsalva ma- 
neuver, and coughing. These fluctuations cause either an over- or 
underestimation of LVEDP (PCWP). 

The best representation of transmural pressure requires the fol- 
lowing steps. Whenever possible, measurements should be derived 
from a strip chart recorder or oscilloscope. Digital displays are inac- 
curate because they are time-based electrical samplings averaged 
over a predetermined interval. Measurements should be done at end- 
expiration. End-expiration will minimize the influence of intrapleural 
pressure swings and is usually identifiable on the oscilloscope. With 
spontaneous ventilation, the systolic peak is the best digital estimate 
of end-expiratory PCWP. During mechanical ventilation, the diastolic 
pressure is most representative of end-expiration. With quiet breath- 
ing or labored inhalation and expiration, it is often preferable to mea- 
sure the mean PCWP. The most accurate determinations of transmural 
pressure are obtained from simultaneous recording of esophageal 
pressure (intrapleural pressure). Esophageal pressure is electronically 
subtracted from the PCWP, and the actual transmural pressure is de- 
termined (Fig. 4). 

The effects of PEEP on PCWP can also be determined by mea- 
suring intrapleural pressure. Alternatively, adjusting the PCWP value 
based on the pulmonary compliance has been described.}©**°" With 
compliant lungs, half the PEEP is subtracted from the PCWP; with 
noncompliant lungs, a quarter of the PEEP is subtracted. Several in- 
vestigations have recommended discontinuation of mechanical] venti- 
lation and PEEP during measurements of PCWP.** This is not rec- 
ommended by this author. Acute changes in venous return can cause 
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Figure 4. ES tracing of the measured PCWP and esophageal pressure. 
Electrical subtraction demonstrates actual transmural pressure with airway obstruction. 
(From Rice DL, Awe RJ, Gaaseld WH, et al: Wedge pressure measurement in obstruc- 
tive pulmonary disease. Chest 66:628-632, 1974; with permission.) 
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an “autotransfusion effect” and potential cardiopulmonary decompen- 
sation. Abrupt discontinuation of high PEEP can alter respiratory me- 
chanics and gas exchange.2”°’ More importantly, since the LVEDP 
(PCWP):LVEDV relationship is nonlinear and dependent on the 
state of ventricular compliance, it is more important to assess changes 
and trends in the PCWP relative to medical therapy (for example, 
volume, inotropes, vasodilators, diuresis, airway pressure change) and 
not be as concerned with the absolute number. 


PHYSICAL COMPLICATIONS OF PULMONARY 
ARTERY MONITORING 


The utilization of PA catheters is associated with numerous phys- 
ical complications.°"4 These complications are attributed to central 
venous cannulation (insertion), catheter passage (advancement), or 
catheter presence (maintenance). Numerous case reports have delin- 
eated a majority of the complications attributed to the use of PA cath- 
eters. Unfortunately, most published series review only a limited 
number of actual procedures. The frequency with which any partic- 
ular complication occurs varies among the case reports and review 
articles in the literature. These complications are often classified as 
minor or major, depending on their potential for increasing morbidity 
or mortality. A recent prospective study reviewing 6245 PA catheter 
insertions reported a relatively low incidence of morbidity associated 
with PA catheters.“ The simplicity and safety of PA catheter insertion 
have created a cavalier attitude among many professionals. The au- 
thors concluded that experience, supervision of trainees, and atten- 
tion to detail were of primary importance in minimizing the incidence 
of complications. 

Most complications can be avoided if physicians are cognizant of 
the risks, have an understanding of their mechanisms, and use tech- 
niques that reduce their occurrence. Every PA catheter insertion has 
the potential for a physical complication. Therefore, the benefits of PA 
monitoring need to be weighed against the risks. The following will 
briefly discuss physical complications of PA catheters. 


Central Venous Cannulation 


Complications of venous cannulation are identical for central ve- 
nous access and PA catheter monitoring (Table 2). Amin et al’ have 
delineated the advantages and disadvantages of the various venous 
access routes. 


Table 2. Complications of Central Venous Cannulation (Insertion) 


Arterial puncture Horner syndrome 
Pneumo-, hemothorax Mediastinal/pleural effusion 
Nerve injury Chylothorax 


Air embolization Catheter embolization 
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Arterial puncture is a common complication of venous cannula- 
tion. With internal jugular vein cannulation, it is possible to enter the 
carotid artery. Likewise, subclavian vein cannulation can be associ- 
ated with subclavian artery puncture. Arterial puncture is rarely a 
serious complication when small bore catheters are employed. Posi- 
tional venous engorgement and small gauge “seeker” needles (22 g) 
minimize the incidence of unintentional or significant arterial punc- 
tures. The following techniques have been recommended to assure 
venous cannulation prior to insertion of a large bore (8.5 F) intro- 
ducer: (1) transducing the pressure, (2) comparing the color of a blood 
sample with that of arterial blood, or (3) measuring comparative blood 
gas samples. 

Hemorrhage, hematoma formation with airway compromise, and 
embolization of atherosclerotic plaques are rare but occasionally re- 
ported sequela of unintentional arterial puncture. The presence of 
persistent subclavian artery bleeding and an occult hemothorax are 
clinically less obvious, more difficult to treat, and often are diagnosed 
by a subsequent chest roentgenogram. Coagulopathies can magnify 
the effects of arterial bleeding. Correction of a coagulation defect prior 
to cannulation can decrease the potential of hemorrhagic sequelae. 
When arterial punctures occur, local pressure is recommended. Local 
pressure is more effective with carotid artery bleeding, making inter- 
nal jugular cannulation a safer procedure than subclavian vein cannu- 
lation. For surgical procedures requiring systemic heparinization (for 
example, cardiopulmonary bypass, major vascular cases), large bore 
arterial puncture is a relative indication for postponing the surgery. 
When surgery cannot be delayed, the neck should be prepped into the 
surgical field because of the increased potential of hematoma 
formation.” 

Pneumothorax is a rare but well-recognized complication of ve- 
nous cannulation by either subclavian or internal jugular approaches. 
Pneumothorax is less common with cannulation of the internal jugular 
vein.'*? Because of the potential for a pneumothorax (and the grave 
significance of a tension pneumothorax), a chest roentgenogram 
should be obtained following venous cannulation or insertion of a 
pulmonary artery catheter. If pneumothorax develops, a chest tube 
may be indicated, especially if the patient is receiving positive pres- 
sure ventilation or about to undergo general anesthesia. 

Injury to other structures adjacent to the intended vascular route 
has been described. Trauma to the thoracic duct (left internal jugular 
approach) and subsequent chylothorax, Horner's syndrome, brachial 
plexus injury, and transient phrenic nerve injury are all recognized 
complications.*°°> Misplacement of the catheter into the mediasti- 
num or pleural space can result in the infusion of large volumes of 
fluid in nonvascular spaces (for example, hydrothorax, cardiac 
tamponade). ” 

Air embolization is a rare but potentially lethal complication. 
Under certain conditions, CVP can become negative relative to atmo- 
spheric pressure, thereby creating a vacuum that can entrain air. The 
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physiologic significance of air embolization is well'described in the 
literature. Patients who have large negative pressure inspiratory ef- 
forts or who are dehydrated or in the sitting position are more prone 
to air embolization. Catheter placement in the Trendelenburg posi- 
tion or with the patient performing a Valsalva maneuver can limit the 
potential for air embolism. In addition to air, catheter shearing and 
embolization have been reported.!! This complication is more com- 
mon when catheters are withdrawn through metal introducer needles, 
but can occur with accidental misplacement of the retainer suture, or 
during a surgical procedure, near the insertion site. Finally, if the PA 
catheter balloon ruptures during insertion or with maintenance infla- 
tion, air can enter the circulation. This is rarely a problem, but in 
patients with right-to-left cardiac shunts it might be preferable to in- 
flate the balloon with carbon dioxide. 


Catheter Passage 


Several of the complications noted with passage of the PA cath- 
eter can also occur with the catheter in place (Table 3). To avoid 
redundancy, these complications are discussed only once. 

Arrhythmias are a frequent complication of PA catheter insertion 
and removal. The reported incidence varies significantly, but ap- 
pears to be influenced by the method of arrhythmia detection. Occa- 
sional premature contractions are often noted with balloon passage 
through the right ventricle, but reports of ventricular tachycardia are 
also common.” In addition, other arrhythmias (for example, prema- 
ture atrial contraction, atrial fibrillation) and various conduction dis- 
turbances (right bundle branch block, complete heart block) have 
been reported.” Arrhythmias may be minimized by passing the cath- 
eter with the balloon inflated, rapid passage through the right ventri- 
cle, or withdrawal of the catheter and reinsertion after the adminis- 
tration of intravenous xylocaine. Studies have suggested that the rou- 
tine use of prophylactic xylocaine prior to catheter insertion is 
ineffective.”?’ If there is potential for complete heart block develop- 
ing, a catheter with pacing capabilities can be used. 

Coiling, looping, or knotting can occur during insertion of PA 
catheters. These complications are more common in low-flow states, 
patients with large intracardiac cavities, smaller PA catheters, or 
where an excessive length of catheter is inserted without obtaining 
the anticipated pressure tracing or position. 55 Although usually not 
necessary, fluoroscopy can be employed to determine catheter posi- 


Table 3. Complications of Catheter Passage (Advancement) 


Arrhythmias/heart block 
Knotting/kinking 
Valvular damage 
Perforation of PA vessel 
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tion and guide direction during difficult insertions. A more significant 
sequela is the knotting of catheters around other structures (indwell- 
ing catheters, pacing wires, papillary muscles, chordae tendineae).” 
If the knot cannot be withdrawn directly through the original venot- 
omy site, a fluoroscopic disentanglement or surgical removal may be 
needed. Aberrant PA catheter location during insertion such as pleu- 
ral, pericardial, peritoneal, and inferior vena cava has been re- 
ported.“ The proper placement of a PA catheter requires confirma- 
tion by a postinsertion chest roentgenogram. 

Ventricular enlargement, low-output states, congenital cardiac 
defects, tricuspid insufficiency, and venospasm (peripheral veins) can 
increase the difficulty of passage. With difficult passage, patient re- 
positioning (for example, head up, left side down), deep breathing, or 
fluoroscopic guidance may be necessary. 


Catheter Presence in the Pulmonary Artery 


The potential for morbidity and even mortality is present during 
the routine use of PA catheters (Table 4). A common but usually 
asymptomatic problem is venous thrombosis at the site of PA 
insertion.” Depending on the degree and location, the thrombi can 
alter transduced pressure tracings or the accuracy of thermodilution 
cardiac output. The incidence of this thrombogenesis is reportedly 
reduced by the use of heparin-bonded catheters.*° Another form of 
thromboembolic pathology can result from distal migration of the PA 
catheter tip or prolonged balloon inflation occluding distal blood flow 
in the PA. Pulmonary infarctions can be a serious sequela, especially 
in low-flow states in which collateral blood flow is reduced. This 
complication can be limited by continuous monitoring of the PA trace, 
avoidance of prolonged balloon inflation, proximal catheter place- 
ment, and the use of continuous high-pressure heparin-flush devices. 

Catheter-related infections, sepsis, and endocarditis are recog- 
nized causes of morbidity.*+ Colonization of the catheter is common. 
The following factors are reported to influence the incidence of cath- 
eter-induced infections: catheterization greater than 72 hours, multi- 
ple catheter manipulations, nonaseptic insertion and maintenance, 
system (infusion sets, cardiac output syringe) contamination, and skin 
puncture site infections. Surgical cutdowns have higher infection 
rates. The suggested benefits of protective catheter sheaths are yet to 
be conclusively determined.*® The factors for infection are signifi- 
cantly related to the incidence of endocarditis. Catheter-induced en- 
docardial damage with subsequent septicemia appears to increase the 


Table 4. Complications of Catheter Presence in the PA (Maintenance) 


Thrombosis Pulmonary infarction 
Pulmonary artery rupture Hematologic 

Sepsis Valve damage 
Endocarditis Thromboembolism 


Balloon rupture (L-R shunt) Arrhythmia 
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potential of endocarditis. With line changes, a new insertion site is 
preferable, although recent data suggest possible reuse of the old 
site with a guide wire change.?” 

The most dramatic and acutely catastrophic complication is pul- 
monary artery perforation and hemorrhage. Barash et al’ have delin- 
eated several mechanisms for PA perforation during insertion or main- 
tenance of PA catheters. Factors that increase the risk of PA perfora- 
tion include advanced age, pulmonary hypertension, hypothermia, 
and deviations from standard insertion techniques. Patients who are 
anticoagulated or have coagulapathies may have a higher mortality 
rate.**°% Several suggestions to avoid this complication include pa- 
tient selection; utilization of the PA diastolic pressure (where consis- 
tent with the pulmonary wedge pressure) to minimize the frequency 
of balloon inflations; continuous monitoring of the PA tracing; 1.5 ml 
balloon inflation to ensure proximal catheter tip location in the PA 
with initial placement; slow progressive balloon inflation during 
wedge recordings; and preinsertion determination of a concentric bal- 
loon. “Overwedging”’ is usually a sign of a distal catheter placement 
or balloon herniation over the tip causing a falsely elevated PA pres- 
sure (Fig. 5). This is caused by failure of the catheter tip to commu- 
nicate with the arterial lumen. With balloon inflation, volume from 
the continuous-flush device is trapped between the balloon and ves- 
sel wall, causing a rapid, unstable increase in the PCWP. When over- 
wedging occurs, the balloon is immediately deflated, withdrawn 1 to 
2 cm, and reinflated slowly. Coagulation defects and volume loss 
should be corrected. On rare occasions a double-lumen endotracheal 
tube can be inserted to separate the bleeding from normal lung to 
preserve gas exchange. If massive bleeding develops, surgical inter- 
vention could be needed.” Supportive care is usually enough to man- 
age most PA perforations. 

Other less common complications are reviewed in the previously 
referenced articles. The actual incidence of serious or fatal complica- 
tions is undefined, but the known potential necessitates constant at- 
tention to detail and patient selection based on a risk-benefit analysis. 
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Figure 5. PA pressure tracing. With balloon inflation, the catheter “overwedges.” 
The catheter is withdrawn and the normal PA and PCWP tracings are evident. (From 
Barash PG, Nardi D, Hammond G, et al: Catheter-induced pulmonary artery perfora- 
tion, mechanisms, management and modifications. J] Thorac Surg 82:5-12, 1981; with 
permission.) 
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PRINCIPLES OF THERMODILUTION CARDIAC OUTPUT 


PA catheters have provided clinicians the ability to practically, 
rapidly, and accurately measure multiple cardiac outputs in the criti- 
cal care environment. Thermodilution cardiac output has been shown 
to be an acceptable substitute to the less accessible use of the Fick 
principle or dye dilution.°?" Many of the derived hemodynamic in- 
dices and clinical therapies in critically ill patients are dependent on 
an accurate measurement of cardiac output. 

The Stewart-Hamilton equation is the formula linking cardiac 
output to temperature. The equation is represented as the following: 


Q = V (Ts — Tr) Ki Ko 
7 Tp (t) dt 


where Q = cardiac output, V = volume injected, Tg = blood tem- 
perature, T) = injectate temperature, K,, Kọ = computational con- 
stants, and T,(t)dt = change in blood temperature as a function of 
time. The thermodilution technique uses cold to create a thermal 
deficit as a variant of the indicator dilution technique. A cardiac out- 
put compute integrates the information to provide a cardiac output 
curve. The area under the curve is inversely proportional to the car- 
diac output. 

Several technical considerations must be understood to minimize 
the potential for error with thermodilution cardiac output. The cath- 
eter thermistor must be positioned freely in the lumen of the PA. 
Falsely elevated cardiac outputs will occur if the thermistor impinges 
on the vessel wall, insulating it from the “cool” thermal indicator. 
Irregular cardiac output curves caused by poor injectate-blood mixing, 
thermistor-vessel wall contact, changes in heart rate or blood pres- 
sure, and abnormal respiratory patterns can produce inaccurate car- 
diac outputs.” 

Injectate volume and temperature have been shown to affect ther- 
modilution cardiac output measurements.® Typically, 10 ml of D5W 
is employed for thermodilution cardiac output. Smaller volumes (2.5 
to 5 ml) can be used in situations in which volume overload is a 
concern without significantly affecting the results (for example, pedi- 
atrics). Careful filling of syringes is necessary to avoid error induced 
by variable injectate volumes. Injectate temperature can range from 0 
to 24°C. The colder the injectate, the greater the signal-to-noise ratio 
and the better the accuracy and precision. Under most clinical condi- 
tions, 10 ml of room temperature injectate will provide an acceptable 
measurement. The following problems have been associated with 
cold injectates: (1) output error induced by injectate warming in the 
operators hand or catheter (after the computer has been programmed); 
(2) the time and cost needed to prepare and maintain the cold injec- 
tate; and (3) the potential for various arrhythmias. Supraventricular 
tachyarrhythmias and bradycardia post-cold injectate have been 
reported.© When patients are hypothermic (cardiopulmonary bypass), 
cold injectates may be necessary to increase the signal-to-noise ratio. 
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The actual speed of injection appears to be of minimal consequence if 
delivered in less than 4 seconds (10 ml). 

Timing of injection to the respiratory cycle can, improve the re- 
producibility of cardiac output measurements.* Because the temper- 
ature of PA blood can vary with phases of the respiratory cycle, it has 
been suggested that cardiac output measurement be timed at the same 
point in the respiratory cycle (for example, end-expiration). With pos- 
itive pressure ventilation, a variation in thermodilution cardiac output 
has been correlated with cyclic variations in right ventricular cardiac 
output.” Because it is difficult to synchronize injection with end- 
expiration, particularly in a patient on mechanical ventilation, it has 
been suggested that the average of three evenly spaced determina- 
tions represents an accurate estimate of cardiac output. Modern com- 
puters help compensate for some of the respiratory-induced temper- 
ature shift by averaging the blood temperature for a short period of 
time prior to injection. 

The computational constant programs the cardiac output com- 
puter to the capacity of the injectate lumen as well as the injectate 
volume and temperature. Entering the wrong constant into the com- 
puter can produce inaccuracies in thermodilution cardiac output. Dif- 
ferences in the determination of various computation constants might 
explain the variations reported between different brands of 
computers.”? 

The percutaneous introducers commonly employed for the inser- 
tion of a PA catheter can precipitate errors in thermodilution output. 
Sideport extensions are frequently used for volume infusion. Depend- 
ing on the rate and temperature of the infused volume, the measured 
thermodilution output will be altered. If the proximal port of the PA 
catheter is contained within the introducer sheath, the potential for 
retrograde injection into the side arm and sheath will produce an 
erroneously high output due to a measurement calculated on a smaller 
than anticipated volume (see Stewart-Hamilton equation). An irregu- 
lar output curve demonstrating flattening and scalloping, a rising CVP 
measured via the side port during injection, and fluid in the side port 
are characteristic of this problem. This problem can be limited by 
withdrawal of the introducer sheath after PA catheter insertion or 
utilization of catheters with more distal injection ports.” 

Certain conditions prevent appropriate mixing or directional flow 
of the indicator solution. Intracardiac shunts, tricuspid regurgitation, 
and cardiac arrhythmias, which affect beat-to-beat cardiac ejection, 
can all alter the accuracy of thermodilution cardiac output. 

Cardiac output measurements are commonly used in clinical care. 
Cardiac output is determined by stroke volume and heart rate. Cardiac 
index (cardiac output/body surface area) attempts to equalize varia- 
tions in body mass. Cardiac output is a primary determinant of oxygen 
delivery and is essential for the calculation of systemic vascular resis- 
tance (SVR), pulmonary vascular resistance (PVR), and stroke work 
index (SWI). 

As a singular parameter, the clinical application of cardiac output 
has limitations. Cardiac output (index) can be a misleading indicator 
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of myocardial function. A tachycardia can compensate for a stable or 
decreased stroke volume due to altered preload or contractility. The 
appropriate clinical utilization of cardiac output necessitates its com- 
bination with other measured (for example, SVO,, urine output) or 
derived indices to assess adequacy of tissue perfusion. A cardiac index 
of 4.0 L per minute per m? suggests excellent myocardial function, but 
could be luxuriant, adequate, or suboptimal depending on the tissue 
metabolic needs and arterial oxygen content (see SVO, discussion). 


Mixed Venous Oxygen Saturation (SVO) 


Routine measurement of cardiac filling pressures and cardiac out- 
put does not reflect adequacy of perfusion. Similar to minute ventila- 
tion, cardiac output provides a total measurement of flow. Multiple 
factors affect the determination of minute ventilation and cardiac out- 
put. Anesthesiologists rarely discuss minute ventilation but are more 
concerned with the Paco, which is determined by adequacy of 
minute ventilation in relationship to metabolic rate. Interestingly, car- 
diac output is often the focal point in the diagnostic and therapeutic 
assessment of the high-risk surgical patient. As can be seen in Figure 
6, cardiac output is positioned parallel to minute ventilation. Cardiac 
output is determined by stroke volume times heart rate. What is 
needed is a parameter comparable to Paco, that will help determine 
adequacy of perfusion as a relationship to metabolic rate. In this re- 
gard, SvO, has been offered as a parameter that can help assess the 
balance of the adequacy of tissue oxygen supply and demand 
dynamics.’ 

PA catheters provide access for the intermittent sampling of 
mixed venous blood from the PA. Progressive advances in fiberoptic 
technology have led to the development of catheters that continuously 
measure mixed venous oxygen saturation (S02). Accuracy of these 
in vivo continuous oximeters versus bench oximeters has been 
documented. 

The ability of SVO, to reflect total tissue oxygen balance necessi- 
` tates an understanding of oxygen delivery, demand, and consumption. 


Minute Ventilation Cardiac Output 
Tidal Volume x Respiratory Rate Stroke Volume x Heart Rate 
PaCo Svoz? 


Figure 6. Similarities between minute ventilation and cardiac output (see text). 
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Oxygen delivery (DO,) equals the arterial oxygen content times car- 
diac output (CO): 
Do, = (Hgb x 13.8) Sao, x CO 
(15 x 13.8) (1) x 5 
= 1000 ml/minute (1) 


Hol 


The 13.8 constant is a product of the 1.38 ml of O, per gram of hemo- 
globin (Hb) times a factor of 10 to convert the units for Hb to grams per 
liter. This equation does not include dissolved oxygen content, which 
is usually insignificant. Therefore, oxygen delivery is determined by 
CO, Hb, and the saturation of the Hb. The saturation of Hb is deter- 
mined by the PaO. and the oxyhemoglobin dissociation curve. The 
Do, must be adequate to meet the amount of oxygen needed for 
cellular metabolism of the various organ systems (O, demand). Oxy- 
gen consumption (VO) is the amount of oxygen actually utilized by 
the tissues for cellular metabolism. VO, is determined by the amount 
of arterial Do, to the tissues minus the venous Do, to the heart: 


Vo.(ml/O,) = [(Hb x 13.8) Sao, x CO] — [(Hb x 13.8) Syo, x CO] 
= (Hb x 13.8) CO x (Sad, — SO.) (2) 


Further derivation of equation 2 shows the relationship of SvO, to the 
other indices: 
Vog 

5v0 = 5802 — THp x 13.8 x CO) 8) 
S?O, varies directly with cardiac output, hemoglobin, and SaO and 
inversely with metabolic rate. The normal S¥0g is 75 per cent (PVO, = 
40 mm Hg), which indicates that normal metabolic needs are met by 
extraction of 25 per cent of delivered oxygen. An increase in oxygen 
demand or decrease in arterial oxygen content is compensated ini- 
tially by an acute increase in cardiac output or oxygen extraction. In 
critically ill patients, cardiac reserves can be limited. If oxygen ex- 
traction increases, the SOs will fall. Reportedly, at a critical level of 
oxygen delivery, extraction of oxygen decreases, the SVO, plateaus, 
and Vos is delivery dependent.” When the Svo; is 30 per cent or less, 
tissue oxygen balance is compromised and there is an increased po- 
tential for anaerobic metabolism and lactic acidosis.” 

Figure 7 shows an S¥O, recording from a postcoronary artery by- 
pass patient. Despite acceptable cardiac output determinations, this 
patient demonstrates a significant decrease in the baseline S¥Ob, 
which suggests an imbalance of tissue oxygen supply and demand. 
The metabolic rate has significantly increased with the onset of shiv- 
ering. The inability to compensate for the increased oxygen demand 
by increasing cardiac output and the response to therapy are clearly 
tracked by the changes in SVO,. When S¥0g falls, one must consider 
all variables that alter oxygen supply or demand: cardiac output, he- 
moglobin, arterial saturation, and metabolic rate. When arterial O, 
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Figure 7. This S¥O,. recording in a postcoronary artery bypass patient demon- 
strates the effects of shivering and its treatment, the relationship between S¥Obg, cardiac 
output (CO) and metabolic rate Voa. 


content and VO, are stable, S¥O, will correlate directly with fluctua- 
tions in cardiac output. As demonstrated, each of these variables will 
influence Syo, changes. 

Situations with increased SVO, are more difficult to interpret. 
Sepsis, arterial-venous fistulae, cirrhosis, left-to-right cardiac shunts, 
peripheral shunts, cyanide poisoning, hypothermia, unintentional PA 
catheter wedging, and rapid withdrawal from the PA catheter of arte- 
rialized blood are a few situations that have been associated with an 
increased S703." It is important to remember that S70, monitoring 
requires a true mixed venous sample to be valid.” Inadequate mixing 
of the SVC, IVC, and coronary sinus make measurements from the 
right atrium inaccurate. The presence of intracardiac shunts makes the 
determination of a “true” SO, from the PA impossible. 

SVO, can be used as a trend monitor or for diagnostic (for example, 
acute ventricular septal defect) and therapeutic assessments in criti- 
cally ill patients.!®7 a a pulse oximeter and S¥O, oximeter 
(dual oximetry) has provided a new monitor of the cardiopulmonary 
effects of PEEP in the management of acute respiratory failure. Svo, 
measured via PA catheters does not detect alterations of inadequate 
regional perfusion. It should be regarded as an index of adequacy of 
total tissue oxygen balance. 

Clinical measurement of cellular (mitochondrial) oxygen is un- 
available. Multiple indices have been suggested to reflect adequacy 
of tissue oxygenation (for example, PVO,, S¥Og, oxygen extraction ra- 
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tio, lactic acid, arterial-venous oxygen content). A discussion of which 
is the best index is beyond the scope of this article. At present, SVO, 
is the only index clinically available on a continuous, real time basis. 


Clinical Application of Pulmonary Artery Monitoring 


The clinical utilization of PA catheter monitoring is well de- 
scribed in anesthesia, cardiovascular, and critical care journals and 
textbooks. Typically, PA catheter use is directed toward specific dis- 
ease entities (for example, congestive heart failure, pulmonary edema, 
valvular dysfunction, adult respiratory distress syndrome, sepsis). Ap- 
propriate application should be predicated on the physiologic infor- 
mation obtained from the catheter for the diagnosis and management 
of the underlying pathology.**! The following briefly discusses some 
of the common uses for PA catheters, and is not inclusive of all appli- 
cations. 

Volume assessment and fluid management are the most common 
applications of PA catheters. Support of tissue perfusion is the primary 
goal of fluid therapy discussed. As discussed previously, monitoring 
of PCWP as an indirect reflection of LVEDV has its limitations. At the 
extremes, therapy can be guided by the measurement of PCWP. More 
commonly, it is essential to follow the response of PCWP, cardiac 
output, and parameters of tissue perfusion to rapid fluid administra- 
tion. 

In conditions of inadequate tissue perfusion, the response of 
PCWP to a “fluid challenge” can be used to assess and guide 
therapy.°4 Fluid is administered in predetermined increments (50 to 
200 ml) rapidly (10 minutes), and the change in PCWP is monitored. 
The magnitude of change in PCWP is determined by the patient’s 
individual ventricular compliance curve. A large increase in PCWP 
(response greater than 7 mm Hg) or the development of pulmonary 
edema suggests an excessive LVEDP (preload) and a position on 
the steep portion of the ventricular function curve (Fig. 3). Further 
volume administration will increase LVEDP, heighten the risk of hy- 
drostatic pulmonary edema, and increase myocardial oxygen con- 
sumption without any further improvement in cardiac output. Mod- 
erate increases in PCWP are of limited risk if they return within 10 
minutes to within 3 mm Hg of the original value. If the PCWP does 
not increase at least 3 mm Hg and perfusion remains inadequate, 
additional “challenges” are necessary until return of systemic perfu- 
sion. 

Once volume optimization has occurred and tissue perfusion re- 
mains inadequate, further therapeutic interventions are required. Aug- 
mentation of stroke volume may be accomplished by inotropic sup- 
port, afterload reduction, and chronotropic modification. Measure- 
ment of cardiac output and calculation of systemic vascular resistance 
and stroke work index can help assess the effectiveness of these ther- 
apies. 

PA catheters can be used for the early diagnosis and monitoring 
for myocardial ischemia.** An acute increase in PCWP or alterations 
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in the PCWP tracing can precede the onset of electrocardiographic 
change suggestive of myocardial ischemia. Ischemia produces an 
acute decrease in ventricular compliance. LVEDP (PCWP) rises dis- 
proportionately to LVEDV. Additionally, an acute alteration in ven- 
tricular compliance can produce “a” waves on the PCWP tracing. 
Papillary muscle dysfunction due to subendocardial ischemia can pro- 
duce mitral insufficiency and prominent large V waves. The presence 
of normal ventricular function in patients with significant coronary 
artery disease does not obviate the use of PA catheters for the moni- 
toring of myocardial ischemia.*’ Although changes in ventricular com- 
pliance and wall motion abnormalities are reportedly more reliably 
detected with echocardiography, this modality is currently not avail- 
able for routine, broad-based clinical application. 

The measurement of intracardiac pressure can help distinguish 
cardiogenic from noncardiogenic pulmonary edema. Lung water is 
directly related to PCWP.” This relationship is magnified in condi- 
tions of leaky alveolar-capillary membranes. With acute lung injury 
(adult respiratory distress syndrome) pulmonary edema occurs with 
normal PCWP. Cardiogenic pulmonary edema is associated with an 
elevated PCWP. The optimal ventricular filling pressure is produced 
by an LVEDV adequate for tissue perfusion (cardiac output), which 
does not result in hydrostatic pulmonary edema. 

Other diagnostic uses of PA catheters include (1) differentiation 
of a ventricular septal defect from mitral insufficiency and (2) the 
presence of cardiac tamponade. A new systolic murmur following a 
myocardial infarction can be due to a ventricular septal defect or ac- 
quired mitral insufficiency. With a ventricular septal defect, blood 
drawn from the various cardiac chambers shows a “step-up” in oxygen 
saturation between the right atrium and pulmonary artery, due to left- 
to-right shunting of highly oxygenated left ventricular blood across 
ee ventricular septum. The magnitude of the shunt can be estimated 
rom: 


. oo ak SaO — Spa Oo 

SHUNT = QQ: = Gao, — S¥Og 

where Q,/Q, = ratio pulmonary to systemic blood flow, SaO, = arte- 
rial Os saturation, SO, = mixed venous O, saturation, and Sp, Og = 
right atrial O, saturation. 

If the murmur is due to acute mitral insufficiency, there is no 
step-up in O, saturation and a large V wave can be noted on the PCWP 
tracing (Fig. 8). Cardiac tamponade is definitively diagnosed by echo- 
cardiography. The equalization of all diastolic pressures (right atrium, 
right ventricle, PAEDP, PCWP) is highly suggestive of a constrictive 
cardiac process. 

PA catheter monitoring has been used for the classification of 
hemodynamic function after myocardial infarction.®” Clinical subsets 
correlating PCWP and cardiac index can aid in therapy selection and 
determining prognosis. Del Guercio et al” have demonstrated the 
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ECG 





Figure 8. PA and PCWP tracings in a patient with acute mitral regurgitation. Note 
the large V waves in the PCWP with balloon inflation. (From Amin DA, Shah PK, Swan 
HIC: The Swan-Ganz catheter: Indications for insertion. J Crit IIness 1:54-61, 1986; 
with permission.) 


benefit of preoperative PA catheter monitoring for assessment of he- 
modynamic function, adequacy of therapeutic intervention, and prog- 
nostic classification in elderly surgical patients. 

PA catheters have been used for intracardiac electrocardiographic 
recording. Atrial, ventricular, and A-V sequential cardiac pacing can 
be achieved with PA catheters.” Recent catheter modifications pro- 
viding for the determination of right ventricular ejection fraction are 
being evaluated. Clinical value and application of this measurement 
is vet to be determined. 


SUMMARY 


Since its introduction in 1970, the application for PA catheter 
monitoring has dramatically broadened. PA catheters provide the abil- 
ity to obtain hemodynamic data for the assessment, monitoring, and 
therapeutic management of critically ill, high-risk surgical patients. 

Because of the potential complications associated with PA cath- 
eter monitoring, numerous editorials and articles have questioned the 
procedure’s risk-to-benefit ratio °°" These articles address the in- 
sufficient availability of adequate outcome data or suggest no demon- 
strated benefit from PA monitoring. Subgroups of patients have been 
identified in whom the data obtained from PA monitoring altered the 
clinicians’ assessment and management.” "S4182 In spite of the study 
of Rao et al, which implies that PA catheters can improve the mor- 
tality rate in critically ill patients, no scientific study of outcome has 
been able to confirm this impression. 

If an adequate understanding of the limitations of PA monitoring 
does not exist, appropriate selection and implementation of therapy 
cannot occur. The problem is not as much the technology as it is the 
knowledge and expectations of the clinician. “Human” complications 
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from inadequate understanding of the physiologic data is quite com- 
mon. Reliance on the measured pressure is often misleading. The use 
of “absolute numbers” rather than trends or relative changes in the 
values monitored can compromise clinical assessment. Overzealous 
utilization and acceptance of any quantitative measurement without 
coordination with clinical judgment is fraught with failure. 
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Perioperative Echocardiography 


John R. Slavik, MD* 


Recently, noninvasive imaging modalities have undergone con- 
siderable evolution. Ultrasound examination of the heart has bene- 
fited from continued advances in electronic manipulation of acquired 
data. The result has been the ability to produce real-time images of 
the heart in which anatomy and function can be easily defined. The 
use of echocardiography to evaluate patients with cardiovascular dis- 
ease during the preoperative period has now become commonplace. 
With the introduction of ultrasound transducers mounted on a gastro- 
scope, continuous monitoring of cardiovascular performance of surgi- 
cal patients is now available in the operating room. 


ULTRASOUND 


Sound with a frequency greater than 20,000 cycles per second is 
ultrasound. However, for medical diagnostic purposes, the sound- 
wave frequencies employed are between 2.25 and 7.5 million cycles 
per second (MHz). These soundwaves are produced by a piezoelectric 
crystal embedded in a transducer device. The transducer serves as 
both transmitter and receiver (Fig. 1). The velocity of sound in human 
soft tissues at 37°C is 1540 meters per second. Imaging with this tech- 
nique is possible because the soundwaves are reflected, refracted, or 
transmitted at tissue interfaces with differing acoustic properties. For 
example, considerable reflection occurs at the ventricular endocar- 
dium because of a difference between the acoustic properties of my- 
ocardium and blood. The time difference between sound emission 
and return from the reflecting surface produces a measure of distance 
from the transducer. The greater the fraction of the reflected sound, 
the brighter will be its representation on the display screen. Image 
quality depends on the frequency of the ultrasound employed. The 
higher the frequency the better the image definition. Unfortunately, 
higher frequency ultrasound is more easily attenuated. Therefore, 
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Figure 1. Ultrasound transducer. A typical M-mode transducer samples at rates of 
1000 images per second and allows analysis of rapidly moving structures, such as car- 
diac valves. A two-dimensional echo transducer is comparable except sampling rates 
are much slower (30 images per second). 


in order to image deeper structures, a lower frequency may be 
needed. In practice, most ultrasound transducers are 3.5 to 5 MHz.?® 


ECHOCARDIOGRAPHY 


The ultrasound examination of the heart uses one of two tech- 
niques: M-mode (motion mode) and two-dimensional (cross-sectional) 
echocardiography (Fig. 2). With M-mode a one-dimensional image, 
representing an “ice-pick’’ view of the heart, is produced. M-mode 
examination is gradually being supplanted by two-dimensional echo- 
cardiography. However, since M-mode sampling rates are about 1000 
images per second, it is still employed to provide information on rap- 
idly moving cardiac structures such as heart valves. Two-dimensional 
echocardiographic analysis produces an anatomic slice that is more 
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Figure 2. Example of M-mode echocardiograms obtained during a clinical study 
that examined the effects of halothane anesthesia in children. (A) Patient awake prior to 
study. (B) Following administration of halothane (2 per cent). End-systolic dimension is 
reduced suggesting decreased contractility. RV = right ventricle, LV = left ventricle, 
ESD = end-systolic dimension, EDD = end-diastolic dimension, EKG = electrocar- 
diogram. (From Barash PG, et al: Ventricular function in children during halothane 
anesthesia: An echocardiographic evaluation. Anesthesiology 49:79-85, 1978; with per- 
mission.) 


easily recognized and interpreted. The ultrasound sampling rates in 
the two-dimensional mode are much lower, about 30 frames per sec- 
ond, but the ability to recognize anatomic landmarks is considered 
advantageous. Considerable training is required to recognize the un- 
familiar patterns generated by the M-mode technique, while two- 
dimensional echocardiograms have almost immediate significance to 
an untrained observer. 


EXAMINATION 


Precordial echocardiographic examination is based on the pres- 
ence of several “windows” through which visualization of the heart is 
possible. Since ultrasound is not transmitted through air or bone, im- 
aging through the lung, sternum, or ribs is not feasible. Thus, win- 
dows exist wherever ultrasound may reach the heart without encoun- 
tering lung or bone. Views are usually obtained through the paraster- 
nal, apical, subcostal, and suprasternal windows. Some patients, 
particularly those with increased lung volumes, may be difficult to 
image adequately transthoracically. In contrast, high-quality images 
can be obtained from an ultrasound transducer tipped gastroscope 
properly positioned in the esophagus. Schluter et al? initially re- 
ported the use of transesophageal echocardiography (TEE) to exam- 
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ine such patients. Six views were described using TEE. These are the 
aortic valve view, the mitral valve view, the left ventricular (LV) short- 
axis view, the apical view, the biatrial view, and the pulmonary view 
(Fig. 3). The goal of examination is to gain as much information con- 
cerning anatomy and function as possible. Sizes of cardiac chambers 
can be readily measured, and global and regional contraction patterns 
can be observed. 


ANALYSIS OF GLOBAL VENTRICULAR FUNCTION 


Monitoring of patients is undertaken either to prevent the occur- 
rence of untoward complications or to treat them appropriately. With 
reference to the cardiovascular system, this currently entails the 
placement of invasive catheters to assess hemodynamic function, that 
is, systemic and pulmonary arterial cannulation. This allows both 
pressure measurements as well as cardiac output determinations. 
However, under certain clinical circumstances, changes in ventricular 
filling pressures may not accurately reflect changes in actual ventric- 
ular volumes. Thus, a measure of ventricular volume will more accu- 
rately predict hemodynamic improvement or deterioration. Echocar- 
diography offers a route to these measurements. 


USE OF M-MODE ECHOCARDIOGRAPHY IN EVALUATING 
GLOBAL VENTRICULAR FUNCTION 


LV linear dimensions may be determined employing M-mode 
analysis. LV volumes may then be estimated assuming that the LV is 
an ellipsoid of revolution, that it contracts symmetrically along its 
major axis, and that the echo dimension used is the lateral minor axis 
at its maximal circumference (short axis at the level of the mitral 
valve). Ejection fraction (EF) may be determined after volume calcu- 
lations are made. Shortening fraction and mean velocity of circumfer- 
ential fiber shortening (V.,) can also be calculated using the informa- 
tion obtained previously. Shortening fraction is defined as the differ- 
ence between end-diastolic and end-systolic linear dimensions 
divided by the end-diastolic dimension. V., is the shortening fraction 
divided by the left ventricular ejection time (LVET). Systolic time 
intervals are also determined easily by M-mode echocardiography. 
The pre-ejection period (PEP) is defined as the interval between the 
ORS complex of a simultaneously recorded ECG and aortic valve cusp 
opening. LVET is defined as the interval between aortic valve cusp 
opening and closure. These measurements then are used to evaluate 
ventricular performance: end-diastolic volumes are a measure of pre- 
load, EF, shortening fraction, mean V,, are measures of contractility, 
and PEP and LVET are indices of vascular resistance.’ 

To determine the effects of increasing halothane concentrations 
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Figure 3. Computer-generated images demonstrating position of the transesoph- 
ageal echo transducer and the corresponding images for the LV short axis (A) and mitral 
valve views (B). Al = anterior leaflet, pl = post-leaflet (mitral valve), APM = anterion 
papillary muscle, PPM = post-papillary muscle, LA = left atrium, LV = left ventricle, 
LVOT = LV outflow tract, RV = right ventricle. (Courtesy of Pat Lynch and Car] Jaffe. 
MD, Yale Department of Diagnostic Imaging and Medical Illustration.) 
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on the ventricular function of 13 healthy children, Barash et al? used 
M-mode echocardiography to obtain a number of parameters de- 
scribed previously (Fig. 2). Cardiac output determinations (the prod- 
uct of stroke volume and heart rate) revealed that dose-related depres- 
sion was present and that atropine could reverse this effect. However, 
Vie exhibited the greatest dose-related depression and did not fully 
recover following atropine administration. This suggested continued 
myocardial depression despite return of the cardiac output to nearly 
normal values (following atropine). Although no change in the left 
ventricular end-diastolic volume (LVEDV) occurred, EF decreased 
and the PEP/LVET ratio increased during halothane administration. 
Again, this suggests decreased systolic function. 

Rathod et al’* studied the effects on ventricular performance of 
anesthesia induction with either of two inhalation agents in 20 healthy 
adults. Halothane, at an end-tidal concentration of 0.93 per cent, was 
compared with enflurane, 2.4 per cent inspired. Exposure to halo- 
thane resulted in a decrease in arterial pressure, fractional shortening, 
and mean V,p while no change was observed in heart rate, central 
venous pressure, or left atrial dimensions. Enflurane caused no 
change in fractional shortening and mean V.,, but a decrease in arte- 
rial pressure and an increase in heart rate were noted. No change was 
observed in central venous pressure or left atrial dimensions with 
enflurane. The decreased ventricular function with halothane is again 
obvious, but enflurane appeared not to decrease myocardial function. 
However, an increase in heart rate and a decrease in arterial pressure 
would be expected to result in an increase in indices of contractility. 
Since this did not occur, it appears that the negative inotropic effects 
of enflurane were masked. 

Wolf et al*! compared the cardiovascular effects of isoflurane with 
halothane using M-mode echocardiography in children. Two equipo- 
tent anesthetic concentrations were selected to obtain echocardio- 
graphic measurements. Left ventricular end-diastolic and end-systolic 
dimensions were not altered in either group. Halothane caused de- 
creases in the shortening fractions and mean V,, and an increase in 
the PEP/LVET ratio, all suggesting considerable myocardial depres- 
sion. Isoflurane did not alter shortening fraction or mean V,,, and the 
PEP/LVET ratio decreased. Heart rate and blood pressure decreased 
similarly in both groups. These results suggest greater cardiac reserve 
with isoflurane, a finding that would not be appreciated with analysis 
of blood pressure and heart rate only. 

The initial use of transesophageal echocardiography in the oper- 
ating room employed M-mode methods. Matsumoto et al’* evaluated 
its use in 21 patients undergoing valvular or coronary heart surgery. 
They found that LV dimensions measured with the transesophageal 
approach correlated nicely with those measured by precordial meth- 
ods. LV volumes at end-diastole and end-systole were determined 
and cardiaac outputs were calculated. These correlated reasonably 
with outputs by dye dilution. Those patients who underwent valve 
replacement demonstrated a decrease in LV dimensions, V,, and EF 
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after cardiopulmonary bypass. No significant change. in cardiac out- 
put, EF, or V, was observed in patients who underwent coronary 
bypass grafting. A decrease in LV dimensions was documented in 
both patient groups after sternal closure, suggesting a restriction to LV 
expansion. 

Since volume determinations by M-mode echocardiography are 
calculated from a measurement in a single dimension, any error made 
in obtaining it would be magnified in the subsequent calculations. 
This is a particular problem in patients with abnormally shaped ven- 
tricles and those with regional contraction abnormalities. Attempting 
to make generalizations concerning global ventricular function by ob- 
serving the contraction pattern of two myocardial segments along a 
“line-of-site” can be misleading. Thus, two-dimensional echocardiog- 
raphy, in which a cross section of the heart is examined, is gaining 
favor because additional information is obtained by observing the 
contraction pattern of a circumferential image. 


USE OF TWO-DIMENSIONAL ECHOCARDIOGRAPHY IN 
EVALUATING GLOBAL VENTRICULAR FUNCTION 


LV areas may be measured using two-dimensional echocardiog- 
raphy. This entails tracing the end-systolic and end-diastolic endocar- 
dial borders and then determining the area inscribed. End-diastolic 
area provides a relative estimate of LV volume. Two parameters of 
global ventricular function that may be calculated from these mea- 
surements are the fractional area change and the per cent circumfer- 
ential shortening. Fractional area change (or EF area) is defined as the 
difference between end-diastolic and end-systolic areas divided by 
the end-diastolic area. Per cent circumferential shortening is the dif- 
ference between end-diastolic and end-systolic circumferences di- 
vided by the end-diastolic circumference. Since these calculations 
require a considerable amount of time, the results will not be imme- 
diately available to guide the clinician. Fortunately, an experienced 
observer may make qualitative assessments concerning ventricular 
size and function by careful observation of the video screen. 

Abel et al‘ used two-dimensional TEE to monitor 11 patients who 
were undergoing coronary bypass grafting. Short-axis (cross-sectional) 
images were obtained at the midpapillary muscle level. Global left 
ventricular function was assessed by determining the fractional area 
change. These measurements were shown to have good intraobserver 
reproducibility. Thys et al? examined 12 patients with good ventric- 
ular function undergoing coronary bypass grafting before and after 
cardiopulmonary bypass. Two-dimensional short-axis views of the LV 
were obtained by epicardial placement of a 5 MHz transducer and the 
derived measurements were compared with concurrently acquired 
invasive hemodynamic data. End-systolic areas and end-diastolic ar- 
eas were determined, and then ventricular volumes were calculated 
using a modified ellipsoid model. This allowed determination of 
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stroke volume and cardiac output from the echocardiographic data. In 
addition, ventricular diameter and wall thickness were measured at 
end-systole to determine wall stress. Cardiac output, as determined 
by thermodilution, correlated well with that calculated from the echo 
data. The pulmonary capillary wedge pressure (PCWP), the conven- 
tional index of LV preload, correlated poorly with the end-diastolic 
area or the derived end-distolic volume (V = (SA)*7(36 + SA)/(12 + 
SA) where SA = short-axis area). There was a strong correlation be- 
tween the cardiac output, as determined by echocardiography or by 
thermodilution, and the end-diastolic area or volume. However, no 
correlation was noted between PCWP and cardiac output as calcu- 
lated either by the echo information or by the thermodilution tech- 
nique. It is clear from this information that end-diastolic size is the 
best predictor of cardiac output, and that the PCWP does not always 
reflect actual changes in ventricular volume. If this hypothesis is cor- 
rect, the Frank-Starling principle cannot be uniformly applied in sit- 
uations where LV compliance is altered (for example, myocardial 
ischemia). Under these circumstances, only a measure of ventricular 
size (either area or volume) can assist in maximizing ventricular pre- 
load and cardiac output. Measurements obtained from two- 
dimensional TEE have been shown to correlate well with those ob- 
tained from on-heart transducers by Konstadt et al. Thus, anesthe- 
siologists will be able to gather the same information as described by 
Thys et al without interruption of the surgical procedure. 

Murray et al!” employed precordial two-dimensional echocardi- 
ography and pulsed Doppler (see article by LaMantia in this issue) to 
examine the effects of halothane and isoflurane on cardiac function in 
20 infants and children. Measurements were taken prior to inhalation 
induction, at 0.75, 1.00, and 1.25 MAC, and after a 15 ml per kg bolus 
of lactated Ringer’s solution. Ventilation via mask was controlled in 
each patient during the examination. Left ventricular volume deter- 
minatins were made using information from both the short-axis (cross- 
sectional) and the long-axis views. Cardiac outputs were determined 
using the Doppler technique, which measured blood flow velocity 
across the pulmonary valve. The results reveal that halothane and 
isoflurane depress cardiac function similarly. Mean arterial pressure, 
cardiac index, stroke volume index, and EF decreased and LV end- 
diastolic and end-systolic volumes increased during the study. After 
the volume load, those patients receiving halothane showed further 
decreases in EF and stroke volume index, but those maintained on 
isoflurane demonstrated increases in both EF and stroke volume in- 
dex. This may indicate greater cardiovascular reserve in infants and 
children anesthetized with isoflurane. 


USES OF TWO-DIMENSIONAL ECHOCARDIOGRAPHY IN 
EVALUATING REGIONAL VENTRICULAR FUNCTION 


In 1935, in a now classic set of animal experiments, Tennant and 
Wiggers”® observed the response of ventricular muscle when the cor- 
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onary artery supplying it was ligated. In dogs anesthetized with mor- 
phine and sodium barbital, myographic recordings were obtained 
from ventricular muscle before and after the coronary.artery supplying 
the area was ligated. Contraction disturbances occurred in seconds 
after coronary blood flow ceased. Initially, the deprived segments 
showed decreasing contractile function (hypokinesis). This was fol- 
lowed by a period in which the muscle did not contract during systole 
at all (akinesis). Finally, the ventricular muscle was noted to bulge 
outward during systole (dyskinesis). These alterations developed over 
a period of about 1 minute, and functional recovery was possible if the 
ischemic time was not excessive. These experimental observations 
form the basis of modern echocardiographic evaluation of myocardial 
ischemia. 

In the interim, a number of clinical studies have found echocar- 
diography to be very sensitive and specific in detecting coronary ar- 
tery disease. Horowitz et al’° studied patients presenting to an emer- 
gency room with acute chest pain. Two-dimensional echocardiograms 
were obtained in 65 patients (81 per cent) and were inadequate for 
analysis in the rest. Thirty-three of these had clinical evidence of 
acute infarction (subsequent ECG changes and CPK elevation), 18 of 
which had nondiagnostic electrocardiographic changes at initial pre- 
sentation. Thirty-one of the 33 patients with acute infarctions had 
regional wall motion abnormalities on the initial two-dimensional 
echo examination. Almost a third of patients with regional wall motion 
abnormalities on initial presentation suffered a serious cardiac com- 
plication following admission to the hospital. Thus, two-dimensional 
echocardiography not only identified those patients with acute ische- 
mia, but defined a high-risk group who are likely to have important 
complications during the hospital course. 

Limacher et al’? used two-dimensional echocardiography to de- 
tect regional wall motion abnormalities and EF immediately after 
stress testing. Those patients later shown to have normal coronary 
arteries demonstrated an increase in EF and no wall motion abnor- 
malities after maximal exercise. Those subsequently demonstrated to 
have coronary artery disease revealed decreases in EF and a signifi- 
cant fall in a wall motion score index postexercise. A comparison was 
also made between two-dimensional echocardiography and radionu- 
clide ventriculography. Two-dimensional echocardiography had a 
greater sensitivity and specificity for detection of coronary artery dis- 
ease. 

With the availability of TEE, clinical studies in patients with 
coronary artery disease undergoing stressful operative procedures 
have appeared. Two-dimensional echocardiography has proved to be 
an excellent indicator of myocardial ischemia. Roizen et al”? studied 
patients undergoing aortic reconstructive surgery with two- 
dimensional TEE. They were separated into three groups based on 
the site of application of the aortic cross-clamp. Those patients under- 
going supraceliac aortic clamping showed major increases in left ven- 
tricular end-diastolic and end-systolic area, decreases in the EF area, 
and frequent wall motion abnormalities. Clamping at the suprarenal- 
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infraceliac level caused similar but smaller changes; and clamping at 
infrarenal levels caused minimal cardiovascular changes. Despite the 
fact that vasodilators or anesthetics were used to maintain intravascu- 
lar pressures at peroperative levels, changes suggesting the presence 
of myocardial ischemia were detected by two-dimensional TEE. 
These changes were not appreciated using traditional measures of 
cardiovascular performance, that is, invasive monitoring with a pul- 
monary artery catheter. The two-dimensional TEE allowed early de- 
tection of myocardial ischemia when it is likely to be most amendable 
to treatment. 

Smith et al** compared the incidence of myocardial ischemia as 
detected by two-dimensional TEE and surface electrocardiography 
during anesthesia and surgery in high-risk patients. Fifty patients 
were studied. Twenty-four of these developed acute regional wall 
motion abnormalities during operation, but only six (6/24) had new 
ST-segment changes on the ECG. All six patients with ECG changes 
also showed ventricular wall motion abnormalities, and three of these 
patients developed the regional wall contraction abnormalities prior 
to the ECG changes. Of the three patients who suffered intraoperative 
myocardial infarction, only one had ST-segment changes while all had 
persistent regional contraction abnormalities observed with two- 
dimensional TEE. Thus, it is clear that two-dimensional TEE is a 
more sensitive detector of myocardial ischemia than the ECG. 

Two-dimensional TEE is also being employed to examine the 
effects of pharmacologic agents on the heart. Both nitrous oxide and 
isoflurane have recently been implicated in the production of myo- 
cardial ischemia in models of ischemic heart disease as well as in man. 
Philbin et al? in a canine model of acute coronary constriction dem- 
onstrated postsystolic shortening when nitrous oxide was added to a 
narcotic-based anesthetic. These changes occurred consistently and 
were not always reversible. However, Cahalan et al* studied patients 
with coronary artery disease anesthetized with fentanyl who were 
about to undergo coronary bypass grafting. Patients were exposed to 
nitrous oxide and nitrogen in sequence and observed for wall motion 
abnormalities with two-dimensional TEE and for ischemic ECG 
changes. Eighteen patients were studied and none developed re- 
gional wall motion abnormalities when exposed to nitrous oxide. Sla- 
vik et al? studied patients with coronary artery disease who were 
anesthetized with sufentanil during the precardiopulmonary bypass 
period. Using two-dimensional TEE, they were also unable to dem- 
onstrate any regional contraction abnormalities after exposure to both 
nitrous oxide or nitrogen in a randomized sequence (Fig. 4). Moffitt et 
all! anesthetized patients with coronary artery disease who were 
about to undergo bypass grafting with isoflurane. They found evi- 
dence of redistribution of myocardial blood flow (coronary steal phe- 
nomenon). LaMantia et al,” in patients who were anesthetized with 
sufentanil, examined the response of the LV by two-dimensional 
TEE when a modest dose of isoflurane was added to the inspired 
gases (0.6 per cent end-tidal). Their results showed stable global LV 
function as determined by area EF, and regional function was not 
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Figure 4. Computer analysis of LV endocardial motion from each of four study 
phases during which patients were randomly exposed to nitrous oxide, nitrogen, and 
100 per cent oxygen. No regional wall motion abnormalities could be demonstrated. 
Each LV cross section is divided into 64 equiangular segments to facilitate analysis. 
These are then plotted against time for a cardiac cycle. Rises in contour indicate inward 
endocardial wall motion. (From Slavik JR, LaMantia KR, Kopriva CJ, et al: Does nitrous 
oxide cause regional wall motion abnormalities in patients with coronary artery dis- 
ease? An evaluation by two-dimensional transesophageal echocardiography. Anesth 
Analg 67:695~700, 1988; with permission.) 
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disturbed. This suggests that isoflurane, used in low concentration as 
an adjunct to a narcotic-based anesthetic, does not result in coronary 
steal phenomenon. 


USE OF ECHOCARDIOGRAPHY TO DETECT 
INTRACARDIAC AIR 


Because of differing acoustical properties between air and blood, 
minute amounts of air may be easily detected inside a cardiac cham- 
ber. When air enters a cardiac chamber, a bright speckled pattern is 
observed on the video screen in that chamber. This has monitoring 
implications for those surgical procedures in which introduction of air 
into the vascular system may occur. These include craniotomy per- 
formed in the sitting position and open heart operations, such as valve 
replacements. Furuya et al? used transesophageal M-mode echocar- 
diography to determine the quantity of air that could be detected by 
this technique versus conventional precordial Doppler. In a canine 
model, TEE detected 0.02 ml per kg of air injected intravenously, 
while the precordial Doppler signal did not change until a bolus of 
0.05 mg per kg was administered. When air was introduced into the 


780 JOHN R. SLAVIK 


left ventricle, it was detected in the aorta by TEE after only 0.001 ml 
per kg was given. In a separate clinical study, five of six patients 
undergoing sitting craniotomy were found to have had venous air 
embolism. TEE is at least as sensitive as precordial Doppler, and it 
offers the advantage of being able to localize air to a specific cardiac 
chamber. Not only may venous air embolism be detected, but if par- 
adoxical embolization occurs, it can be observed easily. Cucchiara et 
al® used two-dimensional TEE to test its sensitivity in the detection of 
intracardiac air in the neurosurgical environment. Nine of 15 patients 
studied had air embolism detected by both precordial Doppler and 
two-dimensional TEE. In two patients, data from the precordial Dop- 
pler were questionable, but the two-dimensional TEE showed numer- 
ous air bubbles. In addition, one patient had a paradoxical air embo- 
lism detected by two-dimensional TEE. Air was easily seen passing 
from the right atrium to left atrium and from there to the LV and the 
aorta. 

The inability to evacuate all air introduced in the heart during an 
open cardiac surgical procedure can result in devastating conse- 
quences for the patient. Echocardiography also offers the ability to 
detect air under these operative circumstances. Duff et al’ placed 
dogs on cardiopulmonary bypass and fibrillated the heart. Various 
amounts of air were then injected and echocardiographic recordings 
were made. Two-thirds milliliter of air was detected with a 95 per 
cent accuracy. Rodigas et al used on-heart echocardiographic trans- 
ducers to determine the prevalence and clinical effects of residual air 
in the LV at the conclusion of cardiac surgery. Residual microbubbles 
were detected in 39 of 79 patients (49 per cent). The presence of the 
microbubbles was most closely related to valve surgery in which the 
left atrium or aorta was opened. No patient had a neurologic compli- 
cation in the postoperative period. 


USE OF ECHOCARDIOGRAPHY TO EVALUATE PATIENTS 
FOR HEART SURGERY 


Previously, all patients who were to undergo open heart proce- 
dures were evaluated invasively by cardiac catheterization. As proper 
preoperative medical therapy and surgical intervention depend on 
accurate assessment of pathologic anatomy and physiology, this ap- 
proach was deemed necessary. Catheterization of the heart and an- 
giocardiography are not without risk.” However, with the appearance 
of two-dimensional echocardiography to define anatomy and pulsed 
Doppler echocardiography to evaluate physiology, cardiac catheter- 
ization may be avoided. St. John-Sutton et al?” followed 305 patients 
who underwent valve replacement surgery. Of these, 184 had clinical 
findings confirmed by echocardiography and underwent operation 
without preoperative cardiac catheterization. Fifty-nine underwent 
catheterization because of persistent doubt about the severity of the 
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valvular lesion, the possibility of severe coronary artery disease, or 
discordance between the clinical and echocardiographic data. Sixty- 
two additional patients were referred with cathetérization data al- 
ready completed. The preoperative diagnosis was ‘confirmed in all 
patients; operative mortality and 2-year survival were the same in all 
three groups. Similar results have been published i in the evaluation of 
patients with suspected atrial septal defects? and in infants with cy- 
anotic heart disease in preparation for Blalock-Taussig shunt 
operations.°° Routine catheterization before cardiac surgical interven- 
tion may become uncommon in the near future as a result of continued 
experience with echocardiographic techniques. Of course, catheter- 
ization will be required in patients with coronary artery disease to 
determine the sites of occlusive disease, and in circumstances when 
clinical and echocardiographic data do not complement one another. 


SUMMARY 


Echocardiography offers several advantages over current moni- 
toring techniques. Qualitative changes in ventricular chamber size 
can be followed during operation, and quantitative assessment can be 
accomplished at a later time by review of the recorded data. This gives 
the observer a more precise measure of LV preload. Regional changes 
in LV function may also be observed.” These have been shown to be 
sensitive and specific indicators of myocardial ischemia, and in many 
cases, appear before changes in the ECG. Echocardiographic tech- 
niques may also be used to evaluate the cardiovascular effects of phar- 
macologic agents, including anesthetics. Intracardiac air is reliably 
detected by echocardiography. Further, it may be localized within the 
heart, which is an advantage over precordial Doppler ultrasound mon- 
itoring in patients undergoing procedures with high probability of 
venous air embolism. Lastly, echocardiography is assuming a more 
important role in the preoperative assessment of patients for cardiac 
surgery, and under certain circumstances, may obviate the need for 
cardiac catheterization. 
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Doppler Echocardiography 


Kenneth R. LaMantia, MD* 


Velocity measurements by devices using the Doppler principle 
have recently increased in importance in anesthesiology and critical 
care. Increased interest in noninvasive physiologic monitors has pro- 
moted the development of sophisticated devices to assess blood flow 
velocity. Advances in electronic instrumentation have allowed the 
production of smaller transducers capable of placement into previ- 
ously inaccessible locations. This article focuses on the use of the 
Doppler principle to measure blood flow in the heart and great ves- 
sels and the importance of such measurements in diagnosing disease, 
monitoring physiologic function, and guiding therapy with emphasis 
on disease states commonly encountered by the anesthesiologist. 


PHYSICAL PRINCIPLES OF DOPPLER MEASUREMENTS 


The Doppler Principle 


The first scientific description of the dependence of sound pitch 
on the relative motion between observer and sound source is credited 
to Christian Doppler in 1842.18 The Doppler principle states that the 
frequency of sound, produced or reflected by a moving object, is al- 
tered depending on whether the object is moving toward (higher fre- 
quency) or away (lower frequency) from the observer. The shift in 
sound frequency noted by the observer, known as the Doppler shift, 
can be used to calculate the relative velocity between the sound emit- 
ter and observer. 

The relationship between the speed, wavelength, and frequency 
of sound is given by the following equation: 


c= fx (1) 


where c = speed of sound (1560 M - sec”? in biologic tissue), x = 
wavelength, and f = frequency. The speed of sound is constant in 
biologic tissue, while frequency and therefore wavelength are 
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changed according to the Doppler principle. The frequency of audi- 
ble sound is 20 to 20,000 Hz, while diagnostic ultrasound is generally 
in the 1 to 10 MHz range and is therefore not audible. 

With diagnostic ultrasound, it is assumed that sound is emitted 
from a stationary transducer and subsequently reflected from a mov- 
ing object relative to the point of origin at the transducer. The math- 
ematical description of this special case is given by the following 
equation: 


_ 2fo V cos 6 
c 


fd (2) 


where fd = Doppler shift frequency, c = speed of sound, fo = emit- 
ted sound frequency, V = velocity of the object reflecting the emitted 
sound back to the transducer, and cos 8 = angle between the trans- 
ducer and the direction of blood flow. Rearranging these terms to 
solve for the velocity of the moving object yields: 


fd xc 


~ OF x cos 0 (3) 


v 


Velocity measurements and the cross-sectional area (A) through 
which blood is flowing may be combined to calculate volumetric flow 
(Fv): 


Fv=VXxXA (4) 


In the case of blood velocity measurement, the velocity is that of the 
red blood cells reflecting the sound back to the transducer. If the 
sound beam is parallel to the direction of blood flow, then the cos 8 = 
1 and the maximum velocity of flow in the vessel is measured. Since 
it is clinically impractical at times to image parallel to the axis of the 
vessel, velocity may require correction by the cos 6 (Fig. 1). 


DOPPLER MEASUREMENT OF BLOOD VELOCITY 


The application of the Doppler principle to the measurement of 
blood flow velocity requires a source of sound waves of known fre- 
quency, red blood cells in motion in a vessel or heart chamber, and a 
receiver capable of measuring the Doppler shift. Examination of each 
of these components will enable the development of a greater under- 
standing of the potential and pitfalls of Doppler flow measurements. 


Physics of Blood Flow 


Blood is a complex tissue composed of cellular and noncellular 
components. In blood vessels with a radius greater than 1 mm, blood 
generally has a parabolic velocity profile (Fig. 2A). Flow velocity at 
the apex of the profile is higher than at the edges where blood “drags” 
along the vessel wall. As blood velocity increases, flow eventually 
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Figure 1. The measurement of blood flow velocity by Doppler ultrasound. The 
measured velocity must be corrected for the angle (cos 0) between the axis of blood 
flow. (Reproduced with permission from Hewlett Packard.) 


becomes turbulent. The flow profile is no longer parabolic, but char- 
acterized by “eddy” formation with the velocity changing rapidly 
with respect to direction and magnitude. Transition to a turbulent 
pattern is most likely to occur in pathologic conditions such as vascu- 
lar or cardiac valvular stenosis (Fig. 2B). The detection of a turbulent 
flow pattern can therefore have great diagnostic significance. 


Doppler Techniques 


Doppler instrumentation must be capable of directing a sound 
beam to the moving column of blood and the specific target of interest. 
The production of the Doppler signal will be considered in three 
stages: (1) production of the interrogating sound beam, (2) scattering 
of the sound by the moving object, and (3) display of the velocity 
measurement. 

The production of the Doppler acoustic beam begins at the trans- 
ducer where an electrical potential is applied to piezoelectric ceramic 
resulting in a change in its dimension.“ During this process, sound is 
emitted and transmitted as a beam through an acoustically coupled 
medium. In Doppler flow imaging, moving red blood cells act as the 
backscattering target. Reflected sound returns to the piezoelectric 
crystal where it is transduced to an electrical signal. Subsequent pro- 
cessing of the signal can be used to produce an auditory and visual 
display of the Doppler frequency shift. The two basic modes of Dop- 
pler examination are: continuous wave and pulsed wave. Each tech- 
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Figure 2. (A) Laminar flow velocity of blood in a vessel. Velocity is greater at the 
center of the vessel than at the fluid vesse] wall interface. (B) Turbulent flow charac- 
teristic of blood acceleration through a stenoic lesion. Blood flow distal to the stenosis 
varies greatly with respect to flow direction and magnitude in adjacent areas of the 
vessel. (Reproduced with permission from Hewlett Packard.) 


nique has its advantages and limitations providing complementary 
information about flow. 


Continuous Wave Doppler 


The technique of continuous wave Doppler (CW) is illustrated in 
Figure 3. The CW transducer is divided into two isolated crystals; one 
transmitting continuously and the other receiving continuously. The 
frequency of transmitted and returning sound differs by the Doppler 
frequency shift. Sound may be reflected back to the receiving crystal 
from anywhere along the beam path but a Doppler shift will occur 
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Figure 3. Continuous wave Doppler probe illustrating continuous transmission 
and reception of sound waves. The surface of the probe is divided into two piezoelectric 
crystals that function continuously as transmitter and receiver. (Reproduced with per- 
mission from Hewlett Packard.) 
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only if blood is moving relative to the transducer. If the Doppler beam 
is parallel to blood flow, the angle between them will be zero (cos 8 = 
1) and the maximum possible Doppler shift will be measured. A beam 
perpendicular to the same flow pattern (cos 90° = 0) will result in no 
Doppler shift and therefore no detectable flow. Dividing the detected 
shift by the cosine of the angle between the beam and the direction of 
blood flow is frequently referred to as angle correction. For clinical 
measurements, angle correction of 20° or less is usually ignored as it 
results in an error of approximately 5 per cent. CW Doppler provides 
information only about the velocity of flow and its relative direction. 
Further, any moving object capable of producing acoustic backscatter 
may be detected (for example, heart valves). As CW does not allow the 
user to spatially locate the detected flow patterns, the detected Dop- 
pler signals may emanate from any location along the transmitted 
sound beam. Therefore, this technique lacks so-called range resolu- 
tion or the ability to localize the flow signal. To obtain this type of 
information, pulsed wave Doppler must be employed. 


Pulsed Wave Doppler 


Pulsed wave (PW) Doppler technique is based on intermittent 
sound transmission (Figs. 4A and B). Emitted bursts of sound are 
transmitted periodically at a frequency known as the pulse repetition 
frequency (PRF). This is defined as the number of sound pulses emit- 
ted per second. The intermittent nature of PW sound transmission is 
the critical difference from the CW technique. PW Doppler uses a 
single crystal transducer that functions as both transmitter and re- 
ceiver in order to determine the precise location along the sound 
beam that blood flow velocity is sampled. The PW transducer emits 
sound of known frequency for a finite period and then awaits its re- 
turn. The period between pulses is specified by the time it takes a 
sound wave to make the round trip between the transducer and the 
point of interest under examination. As sound travels at constant ve- 
locity, the depth of the tissue target, known as the range gate specifies 
the waiting period between pulses. This time period divided into 1 
second gives the pulse repetition frequency (PRF). PRF is important 
because it defines the maximum detectable Doppler frequency de- 
tectable (fd = 1/2 PRF).!° This is known as the Nyquist equation and 
half PRF is the Nyquist limit. As the Doppler shift is proportional to 
blood velocity, this places an upper limit on the maximum velocity 
measurable by the PW technique. When PW is used to assess veloc- 
ities beyond the Nyquist limit, a phenomenon known as aliasing re- 
sults, preventing quantitative measurements. The actual upper limit of 
maximum velocity measurements by PW is based on a number of 
factors, including the PRF, depth of the target tissue sampled, and 
transducer frequency (Fig. 5). In order to know the range of the re- 
turning signal only one impulse can be in transit between the trans- 
ducer and the target. The deeper the target, the longer the transit time 
necessitating a lower PRE. Unfortunately, lower PRFs decrease the 
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Figure 4. Comparison of continuous wave Doppler emission (A) and pulsed Dop- 
pler ultrasound (B). While continuous wave ultrasound emits sound continuously, the 
pulsed Doppler transducer emits intermittant sounds or pulses. The frequency of emis- 
sion is known as the pulse repetition frequency. (Reproduced with permission from 
Hewlett Packard.) 





maximal measurable velocities. A comparison of CW and PW Doppler 
modalities helps to place the utility of each in perspective (Table 1). 


Display of Doppler Flow Data 


Doppler flow signals are evaluated by both auditory output and 
visual display. Each represents Doppler shift of sound frequency that 
is proportional to the velocity of the blood flow under measurement. 
The change in emitted sound frequency is equal to 1.3 kHz per 1 mHz 
transducer frequency, per meter, per second of flow velocity.!? Sim- 
ple calculation reveals that maximal velocities encountered in clinical 
medicine create shifts in the audible range for transducers with a 
frequency of 3.5 mHz of below. The audible signal output available 
on most Doppler systems is a semiquantitative measurement of blood 
flow velocities. Auditory output assists the examiner in conducting a 
thorough search for maximal velocity signals. A harsh tone indicates 
the broad spectrum of frequencies associated with turbulent flow. For 
quantitative analysis, and to facilitate communication, visual display 
of the frequency spectrum is essential. While a number of methods are 
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Figure 5. The relationship between target depth (range), transducer frequency, 
and maximal measurable velocities by pulsed wave Doppler. At any depth, the lower 
the frequency, the higher the measurable velocity. Targets closer to the transducer 
allow higher velocity measurements as the transit times are shorter allowing a higher 
pulse repetition frequency. Velocity, meters per second; range cm. (Courtesy of 
Hewlett Packard.) 


available to solve for the frequencies (that is, velocity) contained in 
the Doppler signal, the fast Fourier transform has found extensive use 
in modern echocardiographic systems.’* This technique is able to 
solve for the separate frequency components of the Doppler signal 
and then display the information as a velocity-time plot. The informa- 
tion is presented real-time on a video display and can be captured on 
a video cassette recorder of other “hardcopy” device. 


Table 1. Comparison of Continuous and Pulsed Wave Doppler 


PROPERTY PULSED WAVE CONTINUOUS WAVE 
Quantitatively measure high velocities No Yes 
Aliasing at high velocity Yes No 
Spatially localizes flow range gating Yes No 


Simultaneous Doppler and imaging possible Yes No 
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Color Flow Mapping 


Color flow mapping (CFM) is a subset of PW Doppler with 
all the advantages and disadvantages of that modality.** It conveys 
information about the direction and velocity of blood movement in the 
imaged structure. This information is presented by color encoding of 
velocity measurements displayed on a two-dimensional or M-mode 
echogram. As PW Doppler information must be gathered and dis- 
played over the entire sector very rapidly, this process is completely 
automated. While the ultrasonographer chooses where to place the 
sample volume in standard PW Doppler, in CFM the entire sector is 
scanned sequentially for blood flow. 

The time requirements for acquiring and displaying the velocities 
for an entire sector necessitates the application of a new signal pro- 
cessing technique to the Doppler signal. CW and PW modalities rely 
primarily on the fast Fourier transform to process the Doppler signal 
and display the velocity spectrum for analysis. These calculations are 
too time consuming to solve real-time and produce a color flow map. 
Instead, a technique known as autocorrelation is used.’ This analysis 
compares the transmitted and returned sound wave for phase differ- 
ences, assigning a mean velocity to the sample volume. The autocor- 
relator assigns velocities from a multiple sample sites with a delay of 
only 1 to 2 ms. This technique allows for the construction of a flow 
map over the entire echogram sector. 

Color is the medium for expressing the velocity estimates on the 
flow map. While color schemes vary, current usage favors assigning 
red (warm colors) to motion toward the transducer and blue (cool 
colors) to motion away from the transducer. The scheme chosen is 
usually indicated as a color bar on the video display and may be user 
selectable. The magnitude of the velocity measurement is designated 
by assigning it a specific hue or brightness of color. The brighter the 
color the higher the velocity. As with all PW Doppler systems, alias- 
ing occurs when the blood velocities exceed approximately half the 
sampling rate. Aliasing is displayed as color reversal. That is, red 
becomes blue and blue becomes red. By noticing the location of ad- 
jacent colors on a map, one can usually detect aliasing and not confuse 
it with blood flow in the opposite direction. Another type of informa- 
tion gained by examining a CFM is the presence of turbulence.** 

The distinguishing characteristic of turbulence is rapidly chang- 
ing blood velocities (magnitude and direction) over a small area of the 
imaged structure. The autocorrelator is able to detect turbulence and 
designates it with a distinct color, frequently a shade of green. This 
creates areas of turquoise or yellow, depending on the predominant 
flow direction. A mosaic pattern is the end result in highly turbulent 
regions. Such turbulence patterns may provide valuable evidence of 
blood flowing through stenotic valves or blood vessels. 

The ultimate role of CFM in Doppler imaging remains to be 
defined.!°** Applications are likely in the study of stenotic valvular 
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lesions,“ valvular regurgitation,” and congenital ‘heart disease.*! 
Several areas of application are described in the sections on specific 
lesions. 


DOPPLER MEASUREMENTS OF CARDIAC OUTPUT 


Cardiac output is generally measured by invasive methods using 
either the Fick method or an indicator dilution technique. As invasive 
measurements are hazardous and not always clinically indicated, a 
reliable noninvasive method of measurement is highly desirable. Nu- 
merous investigators have applied Doppler technology to cardiac out- 
put measurements.*® "192-41 A review of Doppler methods of cardiac 
output determination has been recently published.® 


Basic Considerations 


Cardiac output is expressed as volume flow per unit time. In the 
clinical setting this is generally expressed in units of liters per minute 
indexed for body surface area (cardiac index). Doppler ultrasound 
measures blood flow in units of velocity such as meters per second or 
centimeters per second. The entire process of cardiac output measure- 
ment by Doppler may be conceptualized as constructing a cylinder of 
a volume equal to the stroke volume. The length of the cylinder is 
equal to the area under the maximal flow velocity curve determined 
by planimetry. The cross-sectional area of the cylinder is equal to the 
area of the anatomic structure where flow velocity is measured. 
The measurement site chosen in generally a heart valve or great ves- 
sel. The product of cylinder length and area is equal to the stroke 
volume (Fig. 6). Cardiac output is then computed by multiplying the 
stroke volume by heart rate. 


Sites for Measuring Cardiac Output 


Measurement of cardiac output by the Doppler technique (CO,) 
has been made at a number of sites within the heart and great vessels, 
including the ascending aorta.245719-22,24,26,36,4143 Two types of data 
are required to make determinations of volumetric flow: (1) flow ve- 
locity, and (2) aortic dimension (see equations 3 and 4). 

Flow velocity measurements are obtained by CW or PW Doppler. 
For PW, the sampling volume is placed in the ascending aorta, gen- 
erally at the level of the sinotubular junction? or aortic annulus.”® 
The spectral display time-velocity integral is measured for 3 to 10 
beats, and the results are averaged. Measurement of the cross- 
sectional area is based on two-dimensional echocardiography” or M- 
mode images of the aorta in the parasternal two-chamber long axis 
from the chest wall. The aorta may be measured at the valve ring, 
valve leaflets, or beyond the sinuses of valsalva.! Comparison of 
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Figure 6. Determination of CO by Doppler techniques. Step 1, determine cross- 
sectional area of the stroke volume cylinder, which is the valve area or vessel cross- 
sectional area of the site of velocity measurement. Step 2, measure flow velocity inte- 
gral at this location using Doppler ultrasound and derive stroke length. Step 3, multiply 
the heart rate by the product of cross-sectional area (step 1) and the flow velocity 
integral (step 2) to solve for volumetric flow (cardiac output). 


Doppler cardiac output (CO,) and thermodilution cardiac output 
(CO.-p) measurements have been encouraging (r = 0.95).* 

The other major site used for CO, measurements is the mitral 
valve. !%26.3132 Mitral techniques use a variable number of views to 
obtain the necessary diameter and velocity measurements. One 
method employs short- and long-axis (four-chamber) views of the 
valve obtained from parasternal and apical transducer locations on the 
chest wall. +? Both two-dimensional and M-mode imaging of the mitral 
valve is used to calculate the cross-sectional area of flow through the 
orifice. In one series of experiments this method was validated in an 
open chest canine model where cardiac output was controlled with a 
roller pump right heart bypass preparation. Regression analysis of 
correlations of CO, and roller pump controlled cardiac output re- 
vealed r = 0.974.193 In adult patients this technique is more difficult in 
practice because the several views required are not always easily 
obtained.** For this reason, a simplified technique to measure CO, at 
the mitral valve has been developed.*! This method employs only a 
long-axis view of the mitral valve (five-chamber view) from the car- 
diac apex, which is simple to obtain. 


Dedicated Doppler Cardiac Output Monitors 


A recent approach to Doppler measurement of cardiac output has 
been the dedicated cardiac output monitor.'4°°°? Such devices in- 
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cluding the Accucom (Datascope Corp., Paramus, NJ), employ CW 
Doppler without imaging ultrasound to determine! cardiac output. 
Such devices use suprasternal CW Doppler measurement of maximal 
velocity in the ascending aorta combined with a nomogram to predict 
aortic diameter to calculate cardiac output. The user can specify an 
aortic diameter rather than depend on the nomogram for the cross- 
sectional area calculation. The final step in continuously monitoring 
cardiac output is the placement of the esophageal! CW transducer 
mounted within an esophageal stethoscope. The suprasternal cardiac 
output measurement is used to calibrate the esophageal measurement 
because descending aortic flow does not represent total cardiac output 
(the head and neck are not included). The esophageal probe contin- 
uously updates the cardiac output determination, which is digitally 
displayed. 

Several studies have reported on the reliability of esophageal 
cardiac output monitoring. When comparing Doppler cardiac output 
by Ultracom (Lawrence Medical Systems) with thermodilution car- 
diac output, investigators found a poor correlation. However, after 
correcting for calibration errors the correlation coefficient was im- 
proved, r = 0.92.°° This same study found excellent tracking of car- 
diac output with the esophageal Doppler. The ability to track cardiac 
output with the dedicated cardiac output monitor decreased after car- 
diopulmonary bypass in patients undergoing open heart surgery.°° 
Because noninvasive measurements of cardiac output are likely to 
find applicability during surgical procedures other than open heart 
procedures where invasive measurements are generally available, 
this finding does not detract from its use. The future of esophageal 
cardiac output monitoring will depend on further investigation of its 
utility in patient management in the absence of pressure correlates of 
ventricular filling. 


DOPPLER EVALUATION OF VALVULAR FUNCTION 


Doppler echocardiography has added to the clinician’s ability to 
diagnose and treat patients with valvular heart disease. Doppler can 
be used not only to diagnose valvular stenosis and regurgitation, but 
to quantitate its severity. This technology is finding increased use in 
the operating room to monitor patients with valvular disease as well as 
to guide surgical repair of valve dysfunction. 


Doppler Evaluation of Valvular Stenosis 


One of the most important clinical uses of Doppler echocardiog- 
raphy has been in the diagnosis and quantitation of stenotic lesions.*® 
Before describing the changes seen in Doppler signals secondary to 
valvular stenosis, the physical basis for quantitating stenotic lesions is 


described. 


Flow through heart valves is generally laminar with maximum 
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velocities of less that 2 meters per sec, which are easily measured by 
PW Doppler. When blood flows through a stenotic lesion, accelera- 
tion occurs creating turbulent flow and jet formation. Flow velocities 
increase and can no longer be accurately measured by PW Doppler as 
the Nyquist limit is exceeded. For this reason, CW Doppler is em- 
ployed for quantitation of maximal flow velocity. When stenosis oc- 
curs there is a pressure drop across the lesion that behaves like an 
orifice and can therefore be described by the Bernoulli equation."? 
This states that the pressure gradient across an orifice is determined 
by three components: (1) convective acceleration, (2) flow accelera- 
tion, and (3) viscous friction: 


2 
P, — P, = 1⁄2p(V2 - V2) + p J dv/dt ds + R(v) (5) 


pressure convective flow viscous 
gradient acceleration acceleration friction 


where P}, Ps = pressures on either side of the orifice, V; V, = 
velocity on either side of the orifice, p = density of blood, ds = 
distance over which the pressure is measured, R(v) = viscous resis- 
tance of the vessel, dv = change in velocity during valve opening, and 
d(t) = time for valve opening. This equation can be simplified under 
clinical conditions because flow acceleration and viscous friction can 
be neglected if gradients are measured at peak velocity. As 1/2 p = 4, 
the equation becomes 


P, — Po = 4(V3 ~ Vi) 


If the blood flow velocity proximal to the stenosis is less than 1 m per 
second, V, can be ignored, further simplifying the equation: 


P, — P, = 4V? 


Thus, the gradient can be estimated from measurement of the maxi- 
mal jet velocity distal to the obstruction by CW Doppler. 

Doppler evaluation of valvular function is an adjunct to a full 
echocardiographic examination. Two-dimensional and M-mode imag- 
ing usually reveal that stenosis is present but does not accurately 
determine its significance hemodynamically, particularly in the 
elderly.? PW is useful to localize the area of stenosis and to evaluate 
concomitant valvular regurgitation. CW enables the ultrasonograher 
to quantitate the gradient by application of the simplified Bernoulli 
equation. 


Aortic Stenosis 


Several studies have documented the utility of CW Doppler mea- 
surements of aortic stenosis gradients in children???” and adults.? In 
elderly patients with calcific aortic stenosis, correlation with simulta- 
neous catheterization derived gradients are good (r = 0.92). These 
techniques are difficult to compare because Doppler measures instan- 
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taneous gradients while the catheterization measurement is peak to 
peak, which is smaller. The two measurements approach each other as 
stenosis becomes more severe. | 

As pressure gradients in aortic stenosis are dependent not only on 
valve area, but also on cardiac output, stenosis can be underestimated 
if CO is depressed. For this reason methods to estimate valve area 
have been investigated and evaluated using the so-called continuity 
equation.” This equation states that the products of velocity and 
cross-sectional area on either side of a stenotic lesion are equal. Dop- 
pler estimates of aortic valve area when compared to catheterization 
data yield clinically useful correlation coefficients (r = 0.89).*° 


Mitral Stenosis 


PW Doppler is virtually 100 per cent sensitive and specific in 
detecting mitral stenosis.4’ As velocity measurements generally ex- 
ceed 1.5 m per second, aliasing may occur on PW examination neces- 
sitating use of CW for quantification. Obstruction results in a decreas- 
ing slope of the early filling wave (E wave) measured just beyond the 
mitral valve orifice in the left ventricle. The time required for this early 
wave to decrease to 50 per cent of the maximum pressure has been 
called the pressure half time (Puo). Normal mitral valve P, is less 
than 60 msec. With P,,,. exceeding 220 msec the mitral valve area 
is generally less than 1 cm? (normal = 4 to 6 cm”).*” A study compar- 
ing Pa by Doppler with angiographic calculations of valve area re- 
vealed good correlations (r = 0.85).°" 


Doppler Measurement of Regurgitant Lesions 


The Doppler examination for valvular regurgitation is highly sen- 
sitive and specific. Lesions that are missed frequently are of nonrheu- 
matic origin with eccentric jets. In these cases, color flow mapping 
may make detection of such jets more reliable. 

Mitral Regurgitation. Mitral regurgitation is detected by Dop- 
pler echocardiography in virtually all patients with angiographically 
significant lesions.*’ The velocity of regurgitant jets usually exceeds 
the maximal limits of PW measurements. For this reason the CW 
Doppler is necessary to measure maximal velocities. Several tech- 
niques have been used to quantitate mitral regurgitation. The most 
common method is mapping the jet within the left atrium.?*°* Sev- 
eral conditions may cause underestimation of mitral regurgitation se- 
verity including a large atrium” and low cardiac output. Eccentric jets 
from prosthetic values may also result in underestimation of mitral 
regurgitation. 

Color flow mapping provides a sensitivity of 94 per cent and 
specificity of 100 per cent for detecting mitral regurgitation.** Color 
flow mapping has advantages over PW or CW doppler in detecting 
small eccentric jets. The severity of mitral regurgitation has generally 
been graded by the depth to which the jet extends into the left atrium. 
A wide jet with aliasing of colors and a mosaic pattern indicates sig- 
nificant mitral regurgitation. The area of the planimeterized jet com- 
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pared with the area of the left atrium correlates with the angiographic 
grading system.*” Quantitative approaches to assessment of mitral re- 
gurgitation by CFM are still under development. 

Aortic Regurgitation. Doppler echocardiography provides valu- 
able information about the presence and severity of aortic regur- 
gitation. "5 While M-mode and two-dimensional echocardiography 
provide indirect evidence of aortic regurgitation, such as diastolic 
fluttering of the mitral and aortic valves, Doppler studies are usually 
diagnostic. 

Doppler quantitation of aortic regurgitation falls into two general 
categories of methods similar of those used to evaluate mitral regur- 
gitation: (1) jet mapping techniques, and (2) flow measurements distal 
to the aortic valve. In this lesion, mapping techniques have not proved 
to be highly reliable. Measurements of reverse and forward flow in 
the ascending aorta distal to the jet and in the aortic arch have pro- 
vided reasonable estimates of regurgitant fraction when combined 
with measurements of aortic diameter. One study reported an excel- 
lent correlation (r = 0.90) between Doppler estimates of regurgitation 
and invasive measurements. 

Color flow mapping has added an additional modality to quanti- 
tate aortic regurgitation.°” Early attempts at quantitation centered on 
measurement of the jet length in the left ventricular cavity.’ Jets 
extending to the ventricular apex were considered severe. Subse- 
quent work appears to indicate that the width of the jet at the level of 
the left ventricular outflow tract may be a better indicator of severity 
of aortic regurgitation independent of afterload.® The ultimate role of 
quantitative color flow mapping in quantitation of aortic regurgitation 
remains unclear. 


Congenital Heart Disease 


Doppler ultrasound plays an important role in the diagnosis and 
treatment of congential heart disease. The anatomic and pathophysi- 
ologic complexity of congenital heart disease provides an important 
area of application for all types of Doppler velocity measurements. 
More comprehensive treatment of Doppler in congenital heart dis- 
ease is available elsewhere.’349 

Cardiac output can be measured in a variety of sites in pediatric 
patients by Doppler techniques. Measurements in the ascending 
aorta, pulmonary artery, and tricuspid valve have been employed 
successfully.” 

Shunt calculations and the ratio of pulmonary to systemic flow 
(Qp/Qs) can be derived based on the techniques developed for cardiac 
output measurements. Determination of pulmonary artery and aortic 
flows are based on diameter and flow velocity measurements using 
M-mode or two-dimensional echocardiography and Doppler. The ra- 
tio of flows gives the Qp/Qs ratio. Coarctation of the aorta is diagnosed 
by detecting a high velocity jet in the descending aorta.” Application 
of the Bernoulli equation yields the calculated pressure gradient 
across the stenosis. 
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Atrial Septal Defects. Doppler echocardiography is an ex- 
tremely sensitive method of detecting atrial |septal defects 
(ASD).?°3449 Doppler examination reveals left-to-right flow through 
the defect beginning in midsystole and extending to early diastole. A 
second period of flow into the right atrium occurs with atrial contrac- 
tion. In early systole a brief right-to-left flow occurs in many patients 
with simple atrial septal defect. Doppler evidence of an atrial septal 
defect is easily demonstrated when two-dimensional echocardiogra- 
phy fails to demonstrate the site of defect.” Color flow mapping is 
especially useful in determining the presence of multiple atrial septal 
defects and ostium primum defects. 

Ventricular Septal Defects. Ventricular septal defects in chil- 
dren with normal right ventricular pressures reveal left-to-right shunt- 
ing by CW and PW Doppler.*””° In the PW examination, the sample 
volume is placed in the right ventricle to detect the flow pattern. Flow 
is usually demonstrated throughout systole in small to moderate 
defects. Large shunts with high right ventricular pressures may not 
reveal high flows as pressures have equalized between left and right 
ventricles. Diastolic flow may be seen with small defects with accen- 
tuation during atrial contraction. Color flow mapping appears to be 
useful in demonstrating multiple ventricular septal defects especially 
of the muscular type.” This may obviate the need for cardiac cathe- 
terization. A perioperative use of color flow mapping is the detection 
of postrepair defects. Such defects can be demonstrated in the oper- 
ating room with application of epicardial imaging. 


FUTURE DIRECTIONS 


The applications for Doppler echocardiography within the peri- 
operative setting are virtually inexhaustible. Doppler cardiac ultra- 
sound provides the anesthesiologist with a window on cardiac func- 
tion that is unrivaled by invasive techniques including pulmonary 
artery catheterization. Combined imaging and Doppler echocardiog- 
raphy enables the anesthesiologist to gain a deeper appreciation of 
hemodynamics than has been previously possible in the operating 
room. Several areas of development would increase the applicability 
of Doppler for intraoperative monitoring and diagnosis. 

The incorporation of continuous wave Doppler into the transe- 
sophageal echoscope would allow quantitative measurements in path- 
ologic conditions where aliasing prevents PW flow velocity determi- 
nation. Alternate approaches would include multigated pulsed wave 
Doppler techniques. Minaturization of the transesophageal echocar- 
diography probe would allow for applications in the pediatric popu- 
lation where noninvasive monitoring plays a paramount role in clin- 
ical care. 

Color flow mapping is currently a qualitative or semiquantitative 
technique at best. Further work on its applicability to quantitate le- 
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sions producing flow abnormalities is essential. Three-dimensional 
display of echocardiography images may ultimately reduce the need 
for invasive angiography. Finally, more convenient methods to store 
images real-time and quantitate flow automatically by computer- 
driven graphic analysis software would reduce user interaction in pro- 
ducing quantitative data such as cardiac output measurements. This 
would greatly increase the clinical utility of Doppler technology in 
the perioperative environment. Multidisciplinary approaches will be 
essential in reaping the obvious benefits of the Doppler evaluation of 
blood flow velocity. 
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Cardiac Output 


Daniel M. Thys, MD* 


The heart, as a pump, generates both pressure and flow. The 
amount of blood pumped during 1 minute by each ventricle is termed 
the cardiac output. An average man (70 kg) has a resting cardiac output 
of 5.5 L: min~+, but with heavy exercise it may reach 25 L min™}. 
Interest in the measurement of cardiac output dates back to William 
Harvey (1578 to 1657), who first estimated stroke volume by measur- 
ing the capacity of the cardiac ventricles. Based on the results of this 
simple experiment, he concluded that, in a few minutes, the heart had 
to pump out a greater volume of blood than that contained in the 
whole body.*? 

Physiologic measurements of cardiac output, however, did not 
begin before the late nineteenth century. In 1870, Adolph Fick, a 
German physiologist, first devised an appropriate method for its mea- 
surement. Interestingly, Fick's research was primarily in the area of 
work and heat production in skeletal muscles. The principle, for 
which he is now famous, came from a diversion in his thoughts and 
was published as a very brief report.!® Fick himself never applied his 
principle to the measurement of cardiac output in vivo.” 

Today, numerous methods are available for the measurement of 
cardiac. output. They are based on a wide variety of techniques in- 
cluding angiography, scintigraphy, echocardiography, mass spectrom- 
etry, and laser Doppler flowmetry. In this article, only methods that 
are currently applicable in the operating room or are under investi- 
gation for such application will be described. 

In the discussion of any measurement technique, two important 
characteristics of the technique should be considered: the accuracy 
and the precision. 

Accuracy defines the relationship between a measured cardiac 
output and the actual, or true, cardiac output. The definition implies 
that the cardiac output, measured by the technique under investiga- 
tion, is being compared with a measurement obtained by another 
technique. The other technique should have the attributes of a “gold 
standard” and should, preferably, be based on a different measure- 
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ment principle. Results of accuracy tests are often reported as linear 
regressions. In the evaluation of such results particular attention must 
be paid to the population in whom the measurements were obtained, 
the range of the measured values, the relationship between the re- 
gression line and the line of identity, and the spread of the data points 
around the regression line. 

Precision defines the reproducibility of a measurement tech- 
nique. The reproducibility of a method must be known before the 
results, obtained with the method, can be used for therapeutic deci- 
sion making. Indeed, the variability, or reproducibility of a technique, 
determines how many determinations will be required to obtain an 
accurate measurement. A simple example will clearly illustrate this 
point. A single cardiac output determination yields a value of 3 L- 
min` t and based on this result it is decided to administer an inotrope. 
After the inotrope has been administered, a second cardiac output 
determination yields a value of 3.5 L - min~!. One can then wonder 
whether the second value reflects a true improvement in cardiac func- 
tion or the lack of precision of the cardiac output measurement tech- 
nique. 

Whenever possible this article provides information on the accu- 
racy and precision of each of the cardiac output measurement tech- 
niques. 


THE FICK PRINCIPLE 


The measurement of cardiac output, according to the principle 
first enunciated by Fick, remains of importance today. The Fick prin- 
ciple states that the flow for a given period of time is equal to the 
amount of a substance entering the stream of flow in the same period 
of time, divided by the difference between the concentrations of the 
substance upstream and downstream of the point of entry. In the di- 
rect Fick method, the cardiac output is determined from the oxygen 
consumption and the difference between the arterial and mixed ve- 
nous oxygen contents. While the direct Fick method is often men- 
tioned as a gold standard for the measurement of cardiac output, it has 
not been widely used in clinical practice owing to some inherent 
difficulties related to the measurement of oxygen consumption. How- 
ever, with the recent introduction of mass spectrometry, interest in 
the technique has been rekindled and therefore a detailed discussion 
of this method of cardiac output measurement is worthwhile. In ad- 
dition, all the indicator dilution techniques, discussed in the next 
section, are also based on the same principle. 


The Measurement and Its Validation 


Techniques to measure oxygen consumption and blood oxygen 
content have long been well established, and therefore oxygen has 
traditionally been the indicator-substance of choice in the clinical 
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applications of the direct Fick method. The cardiac’ output is calcu- 
lated with the following formula: 


p= VO» 
~ (CaO — CvOg) X 10 


where O = cardiac output in L: min™?, VO» = oxygen consumption 
in ml O, : min~*, CaO, = arterial oxygen content in m} O, per 100 ml 
blood, VO, = mixed venous oxygen content in ml O, per 100 ml 
blood, and 10 = factor to convert units to L: min™ +}. 

Oxygen consumption is equal to the product of the expired air 
volume and the difference between the oxygen content in the in- 
spired and expired gas. The expired air volume can be measured by a 
variety of means, while the difference between the inspired and ex- 
pired oxygen concentration is determined by gas analysis. For the 
calculation of the arteriovenous oxygen content difference, arterial 
and mixed venous blood is sampled. Oxygen consumption and arte- 
riovenous oxygen content differences must be measured in a steady 
state, because the Fick principle is valid only when tissue oxygen- 
uptake is equal to lung oxygen-uptake.’ The accuracy and reproduc- 
ibility of the direct Fick cardiac output technique have been deter- 
mined in a variety of animal and human experiments. Several inves- 
tigators have compared Fick measurements with direct rotameter 
measurements of cardiac output. The rotameters were inserted into 
the pulmonary artery and in the venous input circuit to the heart. The 
rotameter and Fick measurements compared well, within the limits of 
the accuracy of the rotameters themselves.925495 A large number of 
comparisons have been made between the Fick method and the in- 
dicator-dilution methods.®1*:!%.15.2642 While in some of these studies 
the Fick method yielded slightly lower measurements than the indi- 
cator-dilution techniques, in others the reverse was true. The average 
results showed excellent correlation between the two techniques. 

The precision of the direct Fick has also been extensively inves- 
tigated. In both animals and humans it was found to be excellent, 
provided steady-state conditions could be achieved.3!°%°) 2 


Limitations 


The major limitations of the direct Fick technique are well 
recognized.”*”* They are related to errors in sampling and analysis or 
to the inability to maintain steady-state hemodynamic and respiratory 
conditions. To minimize errors in sampling, one must ascertain that 
the venous blood is truly mixed venous blood and that the samples 
represent average, rather than instantaneous, samples. 

The most serious errors in the measurement of cardiac output by 
the direct Fick technique result from changes in pulmonary volumes. 
Indeed, the methods used to determine oxygen consumption measure 
the uptake of oxygen by the lungs rather than by the blood. Since lung 
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volumes can change, the tissues’ oxygen consumption is not neces- 
sarily being measured. 


Recent Developments 


With the widespread availability of mass spectrometry, interest in 
the intraoperative application of the direct Fick principle has again 
risen. Heneghan et al*” have designed a system to measure metabolic 
gas exchange during general anesthesia. It uses a mass spectrometer, 
a mixing box, and two inert gases. They obtained measurements in 
patients undergoing cardiac surgery and demonstrated that the varia- 
tions in inspired and expired minute volumes were within 2 per cent, 
while they were within 10 per cent for oxygen consumption, carbon 
dioxide output, and respiratory quotient.”” These investigators also 
used this gas measuring system to determine cardiac output during 
anesthesia, and observed that the cardiac output values obtained with 
the two inert gases were reproducible but lower than those obtained 
with the direct Fick principle.” 

Recently, Davies et al? have also attempted to continuously mea- 
sure cardiac output by means of the Fick principle. To measure oxy- 
gen consumption and carbon dioxide production, they used a self- 
contained instrument (MGM II, Utah Medical Products, Midvale UT) 
that collects expired gas in a mixing chamber and measures expired 
ventilation with an ultrasonic flow transducer. Inspired and expired 
gas samples were alternatively conducted to an infrared CO, analyzer 
and a zirconium oxide O, analyzer. In pigs, continuous SaO, mea- 
surements obtained with a fiberoptic catheter placed in the carotid 
artery, while continuous SVO, was measured with a second flow- 
directed pulmonary artery fiberoptic catheter. They compared the 
continuous Fick with simultaneous thermodilution cardiac outputs, as 
well as with continuous pulmonary artery electromagnetic flow mea- 
surements. Good correlations were obtained between the continuous 
Fick and the two other methods (Table 1, Fig 1). In humans, SaO, was 
measured by pulse oximetry.!? The investigators obtained a total of 
237 simultaneous Fick and thermodilution cardiac output measure- 
ments in 21 ventilated, postcardiac surgery patients. Although the 


Table 1. Comparison of Three Different Methods of Cardiac 


Output Estimation 
NO. r SEE SLOPE INTERCEPT 
CFCO versus EMCO 
(mean + SD) 1748 0.89+0.06 0.57+0.09 0.99+0.09 0.16 = 0.39 
TDCO versus EMCO 
(pooled data) 139 0.86 0.96 0.89 1.25 
TDCO versus CFCO 
(pooled data) 251 0.87 0.85 0.89 0.99 


CFCO = continuous Fick, EMCO = electromagnetic, TDCO = thermodilution 
cardiac output, r = correlation coefficient, SEE = standard error of the estimate. 
(Adapted from Goodyer AVN, Huvos A, Eckhardt WF, et al: Thermal dilution curves in 
the intact animal. Circ Res 7:432, 1959.) 
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correlation between the two techniques was good ,(r = 0.86) they 
noted that the Fick results were consistently lower than the thermodi- 
lution measurements. 

Cardiac output has recently also been measured in humans by a 
Fick method that utilizes a computerized system for measuring oxy- 
gen consumption and carbon dioxide production.’ ‘Cardiac outputs 
determined with this system were compared with thermodilution 
measurements in intubated patients. A good correlation (r = 0.92) was 
observed between the two systems, indicating that the accuracy of the 
technique was high. More noteworthy was that the Fick measure- 
ments were more reproducible than the thermodilution measure- 
ments (the average standard deviation was 195 ml- min~! for Fick, 
versus 1020 ml - min~? for thermodilution). 


INDICATOR DILUTION 


The indicator-dilution technique is widely used today for the 
measurement of cardiac output. While its principle is based on the 
Fick principle, it differs from direct Fick in that a substance is injected 
into the circulation and its arrival is measured at a downstream point. 
Over the years an amazing variety of substances including water, 
methylene blue, and tetanus antitoxin have been injected into the 
circulation in an attempt to measure cardiac output. The first really 
meaningful experiments, however, were performed by Stewart (1860 
to 1930) in the late nineteenth century.® He injected hypertonic sa- 
line solution (1.5 to 4.0 per cent) intravenously into anesthetized an- 
imals and detected the arrival of this indicator at arterial and venous 
sampling sites by observing the change in electrical conductance of 
the flowing blood. He recognized the change in electrical conduc- 
tance by listening to a telephone circuit attached to a Wheatstone 
bridge. 

Credit for the first measurement of cardiac output, in man, by 
injection of a foreign substance must be given to Hamilton (1893 to 
1964). In 1932, he published his results obtained after injection of 
brilliant red and detection of this indicator by visual colorimetry.”° In 
recognition for these two pioneers’ contribution to the field of hemo- 
dynamic measurement, the equation used to calculate cardiac output 
by indicator dilution is now known as the Stewart-Hamilton equation. 


Principles of the Measurement 


The indicator-dilution theory is based on the observation that, for 
a known amount of indicator introduced at one point in the circula- 
tion, a same amount of indicator should be detectable at a downstream 
point. Stewart and Hamilton established that the amount of indicator 
detected at the downstream point was equal to the product of the 
cardiac output and the change in indicator concentration over time. 
Cardiac output is therefore calculated using the following equation: 
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I x 60 
f? Cat 
0 


where CO = cardiac output (L: min~?), I = amount of indicator 
injected (mg), C = concentration of indicator (mg: L7), t = time 
(sec), 60 = 60 seconds per minute. 

If the indicator is injected as a bolus, a recording of the indicator 
concentration over time will produce a bell-shaped curve. The area 
under the curve represents the denominator in the Stewart-Hamilton 
equation, and cardiac output is thus equal to the amount of injected 
indicator divided by the area under the curve. In other words, cardiac 
output is inversely proportional to the area under the curve. 

In initial experiments, considerable difficulties were encoun- 
tered in the selection of an ideal indicator. An ideal indicator is a 
substance that is easily detectable when mixed with blood, is water- 
soluble, nontoxic, and neither lost nor metabolized once it is in the 
blood during the sampling period. Indicators that have been used 
include various gases, dyes, and cold solutions. When dye indicators 
are used, the detection of the indicator is performed by a photoelectric 
device called a cuvette densitometer. This instrument consists of a 
variable light source and a light pathway through which blood from 
an arterial source is withdrawn at a constant rate. During passage of 
the blood, the electrical output of the cuvette densitometer is propor- 
tional to the concentration of the dye in the blood. As the dye con- 
centration increases, more light is absorbed by the blood. 

Early dyes were blue dyes with peak light absorption between 
600 and 700 nm. In this spectral range, the cuvette could not distin- 
guish between the dye and reduced hemoglobin. This often led to 
significant problems, particularly when cardiac output determinations 
were attempted in children with cyanotic heart disease. Fortunately, 
in 1957 Fox and his colleagues at the Mayo Clinic introduced indocy- 
anine green, a dye with a peak absorption at 805 nm.” At 805 nm, the 
absorption of light by oxygenated and reduced hemoglobin is identi- 
cal, and therefore, their relative concentrations become irrelevant. 
Indocyanine green is nontoxic, is rapidly removed from the circula- 
tion by the liver, and has a half-life in the circulation of approximately 
10 minutes. Cardiac output determinations can be repeated, but 
plasma dye concentration gradually builds up. In clinical practice, it is 
common to inject 5 mg of indocyanine green into a central vein and to 
continuously sample arterial blood from a radial arterial catheter. The 
blood is passed through the cuvette densitometer and the change in 
indicator concentration over time is measured. A computer calculates 
the area under the dye concentration curve by integration of the dye 
concentrations and computes the cardiac output. The sampled blood 
is returned to the patient after completion of the cardiac output de- 
termination. 

The idea of a thermal indicator was first introduced by Fegler in 
1954.1” He showed, in dogs, that the bolus injection of a cold solution 
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resulted in a typical time-concentration curve and that the principles, 
developed by Stewart and Hamilton, could be used for the determi- 
nation of cardiac output by injection of a thermal indicator. In his 
original publication, Fegler concluded that the' thermodilution 
method was more flexible than the dye dilution method and allowed 
a greater number of measurements to be made. 

In man, the first report on the use of thermodilution cardiac out- 
put measurements was published by Branthwaite and Bradley in 
1968. These investigators mounted a thermistor on a long nylon cath- 
eter and guided this catheter into the pulmonary artery. A second, 
shorter catheter was then introduced in the jugular vein and advanced 
until its tip was positioned near the junction of the superior vena cava 
and the right atrium. Thermal curves were recorded from the pulmo- 
nary artery following injection into the right atrium of 10 ml of 5 per 
cent dextrose at room temperature. One problem with this technique 
was the requirement of placing a thermistor in the pulmonary artery. 
The reason for positioning the thermistor in the pulmonary artery, 
rather than in a systemic vessel, was that previous work had demon- 
strated that during the first passage of the cold bolus, considerable 
amounts of the indicator were absorbed by the heart and lung tissue. 
Since this indicator was then gradually released, the return to base- 
line of the thermistor temperature was prolonged, introducing sub- 
stantial error into the cardiac output calculations. With the subsequent 
development of the balloon-tipped, flow-directed pulmonary arterial 
catheter, placement of the catheter in the pulmonary artery became 
simple and today, in clinical practice, cardiac output is most com- 
monly measured by the thermodilution technique.’ 

For the measurement of cardiac output by thermodilution, the 
Stewart-Hamilton equation needs to be modified to take the particular 
characteristics of the thermal indicator into account. It then becomes 


V(Tg — Ty) x Ki x Ko 


CO = = 
f, ATg(tdt 


where CO = cardiac output (L : min~+), V = volume of injectate (ml), 
Tp, = initial blood temperature (°C), T; = initial injectate temperature 
(°C), K, = density factor, Ka = computation constant, which takes 
catheter dead space, heat change in transit, injection rate, and units 
into account, and fo AT,(t)dt = integral of blood temperature change. 


Accuracy and Precision 


Accuracy. The accuracy of the thermodilution technique has 
been evaluated by comparing its results with those obtained by other 
methods of cardiac output determination, either in vitro or in vivo. 

In vitro, a variety of mechanical models have been used to pro- 
duce precisely controlled blood flows. In one such experiment, Sal- 
gado and Galetti?’ constructed a sophisticated system in which vari- 
ous determinants of cardiac output such as heart rate, stroke volume, 
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and end-diastolic volume could be altered. They then compared the 
selected flows with thermodilution cardiac output measurements. In 
139 measurements, with stroke volumes varying from 19 to 60 ml, the 
thermodilution outputs were found to be on average 2.9 per cent 
higher than the true flows. The overall standard deviation was + 7 per 
cent. Bilfinger et al° performed similar measurements using commer- 
cially available pulmonary arterial catheters and cardiac output com- 
puters. They performed a total of 420 measurements at flow rates 
varying between 1.36 and 4.65 L per minute using 3, 5, and 10 ml 
injectate volumes at room temperature or ice cold. The average per- 
centage differences between the thermodilution measurements and 
the reference values were 7 to 8 per cent at room temperature, and 11 
to 13 per cent with ice cold saline. For single determinations the 
differences reached 15 to 25 per cent. 

Thus, under strictly controlled, in vitro conditions the accuracy of 
the thermodilution cardiac output measurements varies from +7 to 
+13 per cent. 

In vivo, the accuracy of the thermodilution technique has been 
tested in comparisons with the direct Fick method, electromagnetic 
flow measurements, and the indocyanine green method in numerous 
experiments.” When thermodilution measurements were compared 
with the direct Fick method, identical correlation coefficients of 
0.96 per cent were obtained in two studies.*** Pelletier*’ compared 
total electromagnetic flow, including coronary flow, with thermodilu- 
tion cardiac output in dogs. He observed that, on average, thermodi- 
lution overestimated total aortic flow by +3 per cent, whether iced or 
room temperature injectate was used. 

The most common comparisons have been between thermodilu- 
tion and indocyanine green. The results have varied between various 
studies, with some authors finding excellent correlations over a wide 
range of outputs, while others observe that thermodilution system- 
atically overestimates dye cardiac output.525870 One should remem- 
ber, however, that both of these techniques are based on the same 
principle and that the accuracy of both is contingent on a large num- 
ber of conditions being met. Indeed, for the duration of the measure- 
ments (1) the flow must be constant, (2) the blood volume must be 
constant, (3) the indicator must not recirculate, (4) there must not be 
any stagnant pools, (5) the distribution of traversal times of the indi- 
cator must not change with time, and (6) the flow of the indicator 
particles must be representative of the total flow.” Under clinical cir- 
cumstances, it is unusual for all of these conditions to be satisfied. 
Whether the discrepancies between the dye technique and thermodi- 
lution are attributed to inaccuracies in one or the other technique 
often depends on the author’s convictions. In general, however, it is 
accepted that, under optimal circumstances, the error in accuracy of 
the thermodilution cardiac output technique is +10 per cent. 

Factors That Influence the Accuracy. The accuracy figures cited 
previously are valid only if the thermodilution measurements are per- 
formed with an optimal technique. Numerous operator errors can oc- 
cur, and they will affect the accuracy of the measurements. It is, for 
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instance, important to remember that once the computation constant 
has been entered, the cardiac output computer will base its calcula- 
tions on a very specific volume of indicator, at a very; specific temper- 
ature. If the delivered amount of indicator is smallerithan the volume 
for which the cardiac computer has been programmed, the cardiac 
output value will be erroneously elevated. A measurement error will 
occur if, for example, the computation constant for 10 ml of injectate at 
0°C was entered, but the actual injectate temperature was 10°C. The 
amount of injected indicator will be less than expected and the mea- 
sured cardiac output will be greater than the true cardiac output. 
This type of error is particularly likely when iced indicator is used. At 
room temperature, an iced syringe held by the plunger will increase 
in temperature at a rate of 1 to 2°C per minute. If it is held tightly in 
the palm of the hand, the temperature will rise at 4 to 5°C per minute. 
For each increase in injectate temperature of 1°C, the cardiac output 
will be overestimated by 3 per cent. For this reason, when using iced 
indicator, the temperature should be measured as close to the injec- 
tate site as possible. In many centers only room temperature indicator 
is used. 

Similar errors occur when the volume of the indicator does not 
correspond to the volume indicated by the computation constant. 
Loss of volume occurs when the syringes are incompletely filled, or 
when the proximal injection port of the pulmonary artery catheter is 
located within the introducer sheath. Injection in this location will 
result in loss of indicator to the side arm of the introducer and falsely 
elevated cardiac output values. 

The opposite will be observed when more indicator is delivered 
than the computer was programmed for. Recently, Wetzel et al” ob- 
served variations, of up to 80 per cent, in measured cardiac output 
when the rate of administration of room temperature peripheral crys- 
talloid infusions was intermittently and rapidly altered. Under those 
circumstances, the errors were due to fluctuations in baseline blood 
temperature (Figs. 2 and 3). 

Other errors are occasionally observed in the presence of unusual 
conditions within the circulation. For instance, in patients with int- 
racardiac shunts the cardiac output cannot be measured by the ther- 
modilution technique. Rapid recirculation will result in loss of indi- 
cator and erroneously elevated values. Kahan et al®* recently reported 
a case in which very elevated cardiac output values were measured, 
although the patient was clinically in cardiogenic shock. The error 
was due to an aortopulmonary fistula. 

Precision. As mentioned in the introduction, the precision or 
reproducibility of a technique will markedly influence its clinical ap- 
plicability and the manner in which it is utilized for clinical decision 
making. The reproducibility of the thermodilution method has also 
been tested in vivo and in vitro. 

In vitro, Mackenzie et al’? have compared thermodilution cardiac 
output measurements with absolute flows measured in an artificial 
circulation. The thermodilution measurements were obtained with 
cardiac output computers (IL 701, Lexington, MA; Edwards 95204A, 
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Santa Ana, CA; and Gould SP1435, Oxnard, CA) from three different 
manufacturers. The authors calculated linear regressions between the 
actual flow and the measured cardiac output, at several flow rates and 
with various injectate volumes and temperatures. For each linear re- 
gression they calculated the predicted cardiac output measurement at 
a fixed flow of 5 L- min™’, as well as the 95 per cent confidence 
interval for this predicted measurement. The value of the 95 per cent 
confidence interval represented the range of flow rates that could 
have given rise to an identical measurement. For the studied comput- 
ers, they were 2.0, 1.5, and 3.1 L min” t, respectively. The authors 
concluded that the reproducibility of the computers’ results was poor 
and that their ability to detect changes in flow rates was limited. 

In vivo, reproducibility can be assessed by obtaining a large num- 
ber of thermodilution cardiac outputs and calculating their standard 
deviation. Hoel”? published such a study in 1978. He first obtained 
573 thermodilution determinations and calculated that their standard 
deviation was 5.1 per cent. He then postulated that a true cardiac 
output could be measured by calculating the average of an infinite 
number of thermal injections. Using probability calculus he derived 
that with two injections there was only a 50 per cent probability to be 
within 5 per cent of the true cardiac output. To reach a 95 per cent 
probability to be within 5 per cent of the true cardiac output would 
require seven injections (Table 2). With three injections there was an 
89 per cent probability to within 10 per cent of the true cardiac output. 

In an attempt to better delineate the reproducibility of the tech- 
nique, Stetz et alf? reviewed 14 publications on the use of thermodi- 
lution in clinical practice. They concluded that with the use of com- 
mercial thermodilution devices, a minimal] difference of 12 to 15 per 
cent (average 13 per cent) between determinations is required to be 
statistically significant, provided that each determination was ob- 
tained by averaging three measurements. If each determination was 
the result of only a single measurement, a minimal difference of 20 to 
26 per cent (average 22 per cent) was required for statistical signifi- 
cance. They also noted that the thermodilution, direct Fick, and in- 


Table 2. Reproducibility of Thermodilution 


NO. OF INJECTIONS +10% +5% 
2, 70% 49% 
3 89% 70% 
4 96% 81% 
5 98% 87% 
6 92% 
7 95% 
8 96% 


Per cent probability that cardiac output based on n thermodilution (TD) curves will 
lie within +10% or +5% of cardiac output based on an infinite number of TD curves. 
(Adapted from Hoel BL: Some aspects of the clinical use of thermodilution in measur- 
ing cardiac output. Scand J Clin Invest 38:383, 1978.) 
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Figure 1. Thermodilution versus continuous Fick cardiac output. (From Davies 
G, Hess D, Jebson P: Continuous Fick cardiac output compared to continuous pulmo- 
nary artery electromagnetic flow measurements in pigs. Anesthesiology 66:805, 1987; 
with permission.) 


docyanine green were equally accurate, and that the accuracy was not 
influenced by the use of iced versus room temperature indicator. 

A few studies have also evaluated the eftects of the timing of the 
injection in the respiratory cycle on the reproducibility of thermodi- 
lution cardiac output. In mechanically ventilated dogs, Snyder and 
Powner”’ injected indicator at sequential, 1-second intervals within 
the respiratory cycle. They noted that cardiac output variations were 
present in each respiratory cycle and were usually greater than 10 per 
cent. They postulated that these variations were reflections of changes 
in flow induced by respiration, rather than random artifacts. Indocy- 
anine green cardiac outputs were less affected by the respiration. The 
authors concluded that the injection of thermal indicator, at a specific 
moment in the respiratory cycle, improved the reproducibility of the 
measurement but could result in a systematic error. 

Stevens et al®! have studied the effects of the respiratory cycle on 
thermodilution cardiac output in critically ill patients. They prospec- 
tively studied 32 patients in a randomized scheme comparing three 
thermodilution cardiac output measurements at peak-inspiration, at 
end-exhalation, or randomly in spontaneously breathing and mechan- 
ically ventilated patients. These investigators confirmed that injec- 
tions at specific times in the respiratory cycle resulted in less vari- 
ability, but possibly decreased accuracy. They nevertheless con- 
cluded that, in clinical practice, the improvement in reproducibility 
was more important than the decrease in accuracy. 

The effects of injectate volume and temperature on the variability 
of thermodilution cardiac output have also been studied in critically 
ill patients.“ Six combinations of injectate volume (3, 5, and 10 ml) 
and temperature (0°C and room temperature) were studied in 18 adult, 
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intubated patients. The best reproducibility was obtained with the 
10-ml injections at 0°C or room temperature. 

In summary, the precision of the thermodilution cardiac output 
technique is not very good and every attempt should be made to 
improve it. For each determination, the rate and duration of the in- 
jection should be kept as constant as possible. An injector gun can be 
useful for this purpose.** Whenever possible, 10-ml volumes of injec- 
tate should be used and the timing of the injection in the respiratory 
cycle should be the same. However, by keeping the timing of the 
injections constant in the respiratory cycle, some loss in accuracy is to 
be expected. 


Limitations 


The dye dilution method has several limitations. The preparation 
of the indicator solution is tedious and time consuming, and the cal- 
ibration of the cuvette densitometer is an intricate procedure. Indocy- 
anine green is a relatively unstable substance, particularly in solution. 
The technique requires blood withdrawal, which makes it complex 
and cumbersome, and also renders rapid and sequential measure- 
ments impossible. Recirculation of the indicator distorts the primary 
time-concentration curve, necessitating extrapolation of the down- 
slope. Finally, the build up of indicator in the blood results in high 
background concentration and limits the total number of measure- 
ments that can be obtained. 
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Figure 3. Diagramatic representation of effects of peripheral volume infusion on 
temperature curve. Peripheral volume infusion was started at time = 0. CO = start of 
cardiac output measurement (followed by iced saline injection). A, Temperature change 
caused by peripheral volume infusion augments measured change following iced saline 
injection. B, Temperature change caused by volume infusion decreases measured 
change following iced saline injection (notice effect of “rezeroing” referenced baseline 
temperature at CO). (From Wetzel RC, Latson TW: Major errors in thermodilution 
cardiac output measurement during rapid volume infusion. Anesthesiology 62:684, 
1985; with permission.) 


The use of thermal indicator has eliminated some, but not all, of 
these limitations. Handling the indicator is undoubtedly easier with 
thermal than with dye indicator. The computer calibration procedures 
are greatly simplified and blood withdrawal] is not necessary. Some 
common problems, however, remain. Extrapolation of the tail end of 
the time-concentration curve remains essential. Various manufactur- 
ers have handled this problem differently, and inconsistencies can 
sometimes be observed when switching trom one computer to 
another.’ 

Pulmonary artery catheterization is not without problems and the 
list of reported complications is long. Additionally, the determination 
of cardiac output remains intermittent and frequent measurements 
can lead to fluid overload. Complications have also been attributed to 
the rapid injection of cold indicator into the right atrium. Slowing of 
the heart rate was described by Nishikawa and Dohi* In a prospec- 
tive study, Harris et al?” observed that, with the use of iced injectate, 
a decrease in heart rate of more than 10 per cent occurred in 22 per 
cent of the determinations. 

Finally, the presence of shunts between the cardiac chambers or 
major vessels will interfere with cardiac output determinations using 
either dye or thermal indicator. 
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Figure 4. Proper placement of the eight spot surface electrode array. (From Bern- 
stein DP: Continuous nonivasive real-time monitoring of stroke volume and cardiac 
output by thoracic electrical bioimpedance. Crit Care Med 14:898, 1986; with permis- 
sion.) 


Recent Developments 


Fiberoptic Dye Detection. In recent years, an earpiece densi- 
tometer has been developed for the measurement of cardiac output by 
dye dilution.” The earpiece alleviates the need for arterial blood 
sampling and therefore greatly simplifies the measurement tech- 
nique. The earpiece contains a light source, and inflatable rubber 
diaphragm, and two phototransistors (805 and 900 nm). The dye con- 
centratiuon in the blood is computed from the change in light absorp- 
tion, measured with the phototransistors. The results obtained with 
this technique have been compared with conventional dye dilution 
and thermodilution.?”-4%°* Some investigators have found excellent 
correaltions, while others were not as successful. The reproducibilty 
of the earpiece method has been found comparable to that of ther- 
modilution. The quality of the results appears to be determined by 
patient selection, the judicious rejection of unsuitable curves, and the 
site of indicator injection. 

Another recent design consists of a fiberoptic catheter for the 
determination of oxygen saturation, as well as dye concentration. The 
catheter appears most useful in children who have undergone surgical 
correction of congenital heart disease. It is placed in the pulmonary 
artery at the time of surgery and allows continuous monitoring of 
- mixed venous saturation, with intermittent measurements of dye car- 
diac outputs, without arterial blood sampling. 

Continuous Thermal Cardiac Output. Early in the develop- 
ment of the thermodilution method, attempts were made at providing 
a continuous thermal signal and therefore a continuous cardiac output 
determination. The initial experiments were focused on the use of 
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Figure 5. Scattergram showing comparison between Qep (horizontal axis) and Qa 
(vertical axis). Limits defining 20 per cent variability from the identity line are shown 
(r = 0.88; y = 0.86x + 0.65). (From Bernstein DP: Continuous noninvasive real-time 
monitoring of stroke volume and cardiac output by thoracic electrical bioimpedance. 
Crit Care Med 14:898, 1986; with permission.) 


intravascular heating devices.” However, because heating blood is 
more dangerous than cooling it, the use of heating devices was inher- 
ently more risky. As a result, very low amplitude heat signals needed 
to be used, and separation of the introduced heat signal from back- 
ground thermal variations became a major problem. More recently, 
Philip et alf? have again explored the possibility of a continuous ther- 
mal signal using a very low power (5 W) sinusoidal thermal signal. 
With this system the average increase in blood temperature was only 
of the order of 0.02°C at typical flows. They tested the system both in 
vitro and in vivo and obtained satisfactory correlations with conven- 
tional thermodilution over a wide range of cardiac outputs. 


OTHER TECHNIQUES 


Pulse Contour 


The notion that stroke volume can be quantified from the pulse 
pressure dates back to observations by Erlanger and Hooker in 1904. 
Since then, numerous techniques have been described to calculate 
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stroke volume from a central aortic arterial pulse recording. In a crit- 
ical review of these many pulse pressure methods, Kouchoukos et al*® 
found an overall correlation coefficient of 0.928 with a standard error 
of the estimate of 17.4 per cent for Warner’s method. 

All the pulse contour methods are based on the same formula: 


Stroke volume = K Í i {P(t) — PED}dt 


where K = a constant, {P(t) — PED}dt = the difference between the 
actual pressure P(t) and the end-diastolic pressure PED over time 
dt. 

The various methods differ only in the determination of the con- 
stant K. In Warner’s formula K is 


where F = a factor relating the calculated stroke volume to a stroke 
volume measured with another technique, T, = the duration of sys- 
tolic ejection, and Tą = the duration of diastole. 

Recently, English et al’ have assessed the accuracy and repro- 
ducibility of cardiac output measurements by computer analysis of the 
aortic pressure wave (Warners method) in halothane-anesthetized 
dogs. They obtained more than 800 simultaneous cardiac output de- 
terminations using the pulse wave and thermodilution methods, at 
various halothane concentrations (0.5 to 2.0 per cent) and various sys- 
temic vascular resistances. Good correlations (r = 0.91 or better) be- 
tween the two techniques were noted at all halothane concentrations, 
irrespective of the systemic vascular resistance. However, they ob- 
served a marked deterioration in correlations (r < 0.5) when systemic 
vascular resistance was altered by more than 50 per cent, using phen- 
ylephrine or sodium nitroprusside. 


Systolic Time Intervals 


Systolic time intervals measure the duration of various events in 
left ventricular systole and are obtained by simultaneous recordings of 
the ECG, the phonocardiogram, and the systemic arterial pressure. 
Total electromechanical systole (QS,) is the interval from the onset of 
the QRS complex to the first major deflection of the second heart 
sound. The left ventricular ejection time (LVET) is measured from the 
arterial upstroke to the dicrotic notch. The pre-ejection period (PEP) 
is equal to the difference between the LVET and QS,. Steinberg et 
al”? studied the correlation between the systolic time intervals and 
stroke volume, measured by thermodilution, in animals and man. 
They found that the difference between LVET and PEP yielded the 
best correlations with thermodilution stroke volumes. However, large 
variabilities were observed in the systolic time intervals of individual 
patients, complicating the comparison among patients of stroke vol- 
umes derived from these intervals. 
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Ultrasound 


Ultrasound can be used in a variety of ways to measure stroke 
volume and cardiac output. M-mode echocardiography can be utilized 
to measure systolic time intervals. Both M-mode and two-dimensional 
echocardiography can be used to measure ventricular dimensions and 
to derive ventricular volumes. Using an epicardial two-dimensional 
echo transducer and single plane short-axis views, we obtained a good 
correlation (r = 0.80) between echo-derived and thermodilution car- 
diac output. 

Another approach to the use of ultrasound for the measurement of 
cardiac output is based on the Doppler principle. Doppler frequency 
shifts can be detected at the cardiac valves, or in the major vessels. 
The ultrasound signals can be emitted and detected with transthoracic 
transducers, esophageal transducers, implantable crystals, or catheter- 
mounted crystals. For details on the principle of the measurements 
and results of published studies, the reader is referred to the pr2ced- 
ing articles. 


Laser Doppler Velocimetry 


Laser Doppler velocimetry uses the Doppler shift of laser light to 
measure cutaneous blood flow. The laser light is reflected off the red 
blood cells in the cutaneous capillaries, and the frequency shift re- 
sulting from this reflection quantitates the red blood cell flow. Early 
animal experiments suggested that cutaneous laser Doppler velocim- 
etry accurately reflects changes in cardiac output.® In critically ill 
patients, Waxman et al” observed that the laser probes reflected acute 
directional changes in cardiac output and that with heated probes the 
magnitude of the changes was also reflected. However, they con- 
cluded that absolute values of laser Doppler velocimetry are not 
predictive of absolute cardiac output values. In a different study, Eyer 
et al'® came to the same conclusions. 


Thoracic Electrical Impedance 


The first attempts at measuring cardiac output by thoracic elec- 
trical impedance date back to 1966, when Kubicek et al?” presented an 
empiric equation for the calculation of left ventricular stroke volume. 
Electrical impedance (Z) is the resistance to alternating or sinusoidal 
current flow. It is a complex, frequency-dependent parameter that is 
governed by Ohm’s law: 


Z= EA 


where Z = impedance in ohms, E = voltage, and I = current in 
amperes. 

To measure thoracic electrical impedance, an alternating current 
of low amplitude and high frequency is introduced and simulta- 
neously sensed by two sets of electrodes placed around the neck and 
lower thorax (Fig. 4). Changes in thoracic impedance are induced by 
the ventilation and the pulsatile blood flow. For the measurement of 
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cardiac output, only the cardiac-induced pulsatile component is ana- 
lyzed (8Z). Experimental work suggests that 70 to 80 per cent of 8Z 
originates from the thoracic aorta. To quantitate Z, it is assumed that 
the thorax is a perfectly circular cylinder of length L (cm) and cross- 
sectional area A (cm”). For cylindrical volume conductions 


L 
L=P7 


where p = specific resistivity of the electrical conductor (Q - cm). 
Stroke volume is calculated with the empirical formula of Ku- 


bicek: 
f L òZ 
SV=px (=) x LVET x (24) 


where p = the resistivity of blood at 100 kHz (Q : cm), L = distance 
between the two inner electrodes (cm), Zo = the base impedance (Q), 
LVET = the left ventricular ejection time (sec), and 5Z/6t,,,, = the 
maximum rate of change in impedance during systole (Q per second). 

Donovan et al’! recently compared cardiac output measurements 
obtained by transthoracic impedance and by thermodilution in 27 
critically ill patients, using the standard Kubicek equation. Although 
they attempted to solve the equation with multiple values for the 
distance between the inner electrodes and for the resistivity of blood, 
they did not find a satisfactory correlation between the two cardiac 
output methods. Bernstein® has modified the Kubicek equation by 
eliminating the specific resistance of blood, modeling the thorax as a 
truncated cone instead of a cylinder, incorporating a constant relating 
the patient’s height, rather than the distance between the electrodes, 
into the equation, and, finally, adjusting this constant to ideal body 
weight. In 17 critically ill patients, he obtained 94 simultaneous tho- 
racic electrical impedance and thermodilution cardiac outputs (Fig. 
5).4 The overall correlation between the two techniques was good (r 
= 0.88) and 85 per cent of the data points fell within the 20 per cent 
confidence limits. The greatest disparity between the two techniques 
was observed at very low flows (<2 L - min~?). 

Appel et al,’ using a device that incorporates the Bernstein mod- 
ifications, have also compared cardiac output by thoracic electrical 
impedance and thermodilution in 16 critically ill patients. They com- 
pared 391 pairs of simultaneous cardiac outputs and found an r value 
of 0.83. The Bernstein modifications, thus, appear to improve the ac- 
curacy of the bioimpedance method, but additional studies will be 
required to identify and quantitate the limitations of the technique. 
Nonetheless, these recent developments in thoracic bioimpedance 
technology suggest that, in the future, it may play a considerable role 
in the noninvasive monitoring of cardiac output in the surgical 
patient. 
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SUMMARY 


Numerous techniques are currently available for the measure- 
ment of cardiac output in the operating room. While the direct Fick 
method is often considered the gold standard, it has not been widely 
used in the surgical patient. With the recent widespread availability of 
mass spectrometry and continuous hemoglobin oximetry, it could be- 
come more popular again. The thermodilution technique is most com- 
monly used to measure cardiac output in clinical practice, although its 
accuracy and reproducibility are not great. At least three consistent 
thermodilution determinations are required for an accurate cardiac 
output measurement. Errors will occur when indicator is lost or 
gained, while an inconsistent injection technique will produce vari- 
ability in the results. New noninvasive methods to measure cardiac 
output are very promising. They include the Doppler technique and 
the thoracic bioimpedance method. In this last method, the thoracic 
electrical impedance is measured by sets of electrodes placed around 
the neck and lower thorax. The latest bioimpedance equipment in- 
corporates new equations that have increased the accuracy of the tech- 
nique. 
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Two trends are apparent in cardiovascular monitoring for pediat- 
ric patients in the operating room. One, with more complex operations 
being performed on younger and sicker children, more sophisticated 
and immediate information about both the systemic and pulmonary 
circulations is required. The intimate relationship between pulmo- 
nary and cardiac function in young children and the frequent pres- 
ence of an abnormal pulmonary circulation require more emphasis on 
monitoring of the pulmonary circulation. Development of noninva- 
sive monitoring is the other important trend affecting pediatric car- 
diovascular monitoring. In small, fragile children, additional morbid- 
ity can result from the monitoring process itself. This is due to scale 
factors in downsizing adult monitors, low tolerance for malposition of 
monitoring devices in small anatomic structures, and different tissue 
characteristics present in small children. The appropriate selection of 
cardiovascular monitoring for children thus is not a trivial question 
nor one that can be easily extrapolated from experience in adults. 

The appropriate monitoring for any given pediatric patient de- 
pends on the surgical procedure planned, the foreseeable complica- 
tions, the preoperative condition of the child, and the anesthesiolo- 
gist’s experience with any particular monitoring modality. Clearly, 
use of invasive monitoring that carries appreciable risk cannot be 
justified unless the anesthesiologist has sufficient experience to min- 
imize the associated risk and to use the resulting data correctly. Be- 
cause there is little hard evidence of improved outcome as a result of 
invasive monitors, monitors must be used judiciously. By misleading 
the unwary clinician, even noninvasive monitors, when used incor- 
rectly or when misinterpreted, can indirectly harm the patient. The 
purpose of this article is to present the different types of cardiovascu- 
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lar monitoring available for pediatrics, the limitations of these moni- 
tors, and associated risks, and finally, to suggest situations in which 
specific types of monitoring may be useful in children. 


BASIC NONINVASIVE MONITORING 


Observation: The Anesthesiologist as Monitor 


The senses of the anesthesiologist are the most reliable and sim- 
plest monitors. In small children, precise, invasive measurement of 
many physiologic variables is difficult and thus observation becomes 
more important. The appearance of lips and nail beds tells much 
about the circulation and gas exchange, whereas presence and quality 
of peripheral pulses, temperature of the extremities, and capillary 
refill reveal adequacy of the circulation. Odor provides rough concen- 
tration estimates of potent inhalation anesthetics, while observation of 
external airways, neck, chest, and abdomen gives valuable informa- 
tion about airway patency and adequacy of ventilation. The state of 
hydration can be assessed by observation of skin turgor, mucous mem- 
branes, appearance of external jugular veins, and the eyes. Palpation 
of the anterior fontanelle of the infant suggests both level of intracra- 
nial pressure and hydration. 

Breath and heart sounds heard through precordial or esophageal 
stethoscopes provide much information about the circulation and ven- 
tilation. These sounds provide information about cardiac rate, rhythm, 
and output, blood pressure, adequacy of ventilation, and patency of 
the airways. Although qualitative in nature and requiring subjective 
assessment by a trained observer, this information is extremely im- 
portant, relatively noninvasive, and independent of technology. Using 
a small radio transmitter, heart and breath sounds can be transmitted 
to a “Walkman” type receiver worn by the anesthesiologist, giving 
freedom of movement in the operating room, albeit at the price of 
dependence on high technology. 

Much of this information is lost without access to the patient and 
must be replaced by other sources of information. These sources gen- 
erally are more invasive, more dependent on technology, and often 
carry higher morbidity, so patient access in the operating room should 
not be surrendered lightly. 


The Electrocardiogram 


The ECG is valuable in pediatric cardiovascular monitoring for 
more than heart rate and rhythm. Morphology of QRS, T, and P waves 
supplies important information concerning both electrolyte levels (K+ 
and Ca”*) and the adequacy of myocardial perfusion. Although little 
appreciated, ST and T wave changes indicative of myocardial isch- 
emia from a number of different etiologies do occur in pediatrics and 
can be important in patient management. Although this occurs most 
frequently in pediatric cardiac operations, myocardial ischemia may 
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occur whenever the pediatric circulatory system is significantly 
stressed. A hard copy rhythm ECG strip for later comparison is thus 
important. As in adult patients, these ischemic ori electrolyte ECG 
changes may not show up in the standard lead II. In major noncardiac 
operations and virtually all cardiac procedures in children, simulta- 
neous monitoring of two different ECG leads is useful. However, 
even the use of two simultaneous ECG leads does not ensure that the 
ECG will show myocardial ischemia or electrolyte abnormalities 
when present. Esophageal electrocardiography using a no. 12 F 
esophageal stethoscope equipped with two distal electrodes is useful 
to analyze supraventricular arrhythmias.” The electrodes are con- 
nected through an electrocautery protection filter (avoiding esopha- 
geal burns) to any standard ECG monitor to give bipolar atrial elec- 
trograms. These leads are useful for diagnosing right ventricular isch- 
emia, which may occur relatively frequently in pediatric patients with 
pulmonary hypertension.’ Using an external pacemaker, esophageal 
leads also can be used for transesophageal atrial pacing 2” 


Arterial Blood Pressure Measurement (Noninvasive) 


Systemic arterial blood pressure may be measured by using an 
automated device with a blood pressure cuff, by using a stethoscope 
and cuff (the traditional Korotkoff technique), with a Doppler flow 
detector or pulse oximeter and cuff, or with just a cuff alone. The 
appropriate diameter cuff for extremity size in children is essential for 
all methods employing cuffs.3 The automated devices are based pre- 
dominantly on oscillometric techniques. They have been well vali- 
dated in children and are quite reliable in most, but not all, 
circumstances.”** Arrhythmias, hypothermia, and severe hypoten- 
sion can make these automated devices useless. Any movement im- 
pinging on the blood pressure cuff by a surgeon or even from the 
patient’s own chest wall can result in erroneous readings. These are 
usually signaled by a discrepancy in the indicated heart rate value 
between the device and the ECG. Sudden very large changes in pres- 
sure may not be detected well because inflation pressure of the cuff is 
based on the previous pressure measurement. Partly on this basis, as 
well as on others not well described, these automated devices can be 
inaccurate by as much as 16 to 45 mm Hg.°”° Also, although noninva- 
sive, these automated monitors have been reported to be associated 
with severe venostasis in an extremity and ulnar nerve palsy when 
short cycle lengths (1 to 3 minutes) are used for prolonged periods of 
time.” 

Blood pressure can be measured using a blood pressure cuff with 
an aneroid sphygmomanometer by employing the rough oscillometric 
technique variously called the “bounce” or “flicker” technique. After 
inflation, the cuff is slowly deflated and the indicator needle is 
watched for oscillations corresponding to the heart beat. The maxi- 
mum oscillations occur at the mean blood pressure and when mea- 
sured quantitatively can be very accurate.’ However, as it is usually 
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measured clinically by eye, the accuracy achieved is probably sub- 
stantially less. During arrhythmias and periods of severe hypotension, 
this method is useless. Slow deflation of the cuff, together with palpa- 
tion of the distal pulse or audible flow signals from a Doppler flow 
detector fixed over the distal artery, gives good correlations with di- 
rect systolic arterial pressure measurements. The Doppler technique 
is useful during periods of severe hypotension.” Alternatively, using 
a pulse oximeter to detect disappearance of distal flow while inflating 
the cuff can be used in a similar, quite accurate fashion.’ The defla- 
tion technique is less accurate when using a pulse oximeter to detect 
distal pulses because of a time lag before arterial pulsations are dis- 
played during deflation.®° This is due to error rejection algorithms in 
oximeters. 


Pulse Oximetry 


The pulse oximeter monitors pulsatile delivery of oxygenated 
blood to the extremities, thus giving effective pulse rates and arterial 
saturations. Pulse oximetry has been a particular boon to cardiovas- 
cular monitoring in children as it allows accurate, on-line assessment 
of peripheral arterial saturations, allowing certain inferences about 
the adequacy of the pulmonary as well as the systemic circulation.*2-°" 
Since most children with congenital heart disease have associated 
abnormalities in the pulmonary circulation, pulse oximetry thus is 
particularly valuable. In children, monitoring of the circulation and 
gas exchange with pulse oximetry now must be considered mandatory 
in all cases. There are only minimal associated risks so the risk/benefit 
ratio is so low that there is no excuse for failure to use pulse oximetry 
in children.*%* Using pulse oximetry in children, it has been shown 
that hypoxemia can be diagnosed before potentially damaging cardio- 
vascular effects (bradycardia and hypotension) are apparent.’ 

There are some special situations in pediatrics in which pulse ox- 
imetry can be misleading and others in which it is particularly useful. 
Use of intravenous methylene blue dye, infrared lights, and other 
intense light sources can give misleading information or otherwise 
interfere with function of pulse oximeters.° 1-28 Hypoxemia, however, 
is well monitored. In cyanotic children and in volunteers, arterial 
saturations to 40 per cent and below have been accurately measured 
using transcutaneous pulse oximetry.°”°° In newborns, the different 
absorbance of fetal hemoglobin does not appreciably affect the accu- 
racy of pulse oximeters until the concentration of fetal hemoglobin is 
greater than 50 per cent, in which case the pulse oximeter saturation 
consistently understates the saturation measured in blood samples by 
co-oximetry.*! During transport or in a recovery room where observa- 
tion and other monitoring is less reliable than in the operating room, 
pulse oximetry is particularly valuable in children.!” 

In children with intracardiac shunting due to congenital heart 
disease or an active transitional circulation in neonates, pulse oxime- 
try gives valuable information about pulmonary blood flow when cou- 
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pled with knowledge of the pathophysiology. In situations in which pul- 
monary blood flow is critical, that is, weaning from! cardiopulmonary 
bypass or during thoracic procedures in children, the pulse oximeter 
can be invaluable. Adequacy of pulmonary artery banding can be 
judged by pulse oximetry in children with congenital heart disease.° 
In neonates with an active transitional circulation, differences in up- 
per and lower extremity saturations are used as an index of right- 
to-left ductal shunting due to pulmonary artery hypertension. In chil- 
dren with pulmonary disease undergoing major surgery, effects of 
positioning and surgical manipulations on distribution of pulmonary 
flow and ventilation in the lung also can be monitored by pulse ox- 
imetry. 


Transcutaneous Oxygen Monitoring 


Transcutaneous oxygen monitoring, because of its hazards, need 
for calibration, slow response, and long warm-up times, has been com- 
pletely displaced in pediatric monitoring by pulse oximetry. One pos- 
sible exception is its use in very premature infants in whom the retinop- 
athy of prematurity makes the measurement of PaO, possibly more 
desirable. However, O, tension can no longer be considered the sole 
environmental stimulus to this form of retinopathy. Nevertheless, 
maintenance of arterial oxygen saturation in the 95 per cent range 
measured by pulse oximetry usually assures an arterial PaO, of less 
than 100 mm Hg. 


Cardiac Output Monitoring (Noninvasive) 


Using pulsed Doppler, continuous wave Doppler, or thoracic im- 
pedance measurements, cardiac output in children can be measured 
noninvasively with varying amounts of accuracy. Continuous wave 
Doppler measurements of aortic velocity profiles from the sternal 
notch, combined with an echocardiographic measurement of aortic 
annulus diameter, have yielded computer-generated cardiac outputs 
that correlate well with thermodilution outputs in infants and young 
children after cardiac surgery.” However, several minutes are re- 
quired to position the Doppler probe at the sternal notch for a good 
image of the aortic flow. This technique thus cannot be considered to 
be an “on-line”? technique and requires access to the sternal notch. 
Furthermore, in children with right aortic arches or structural abnor- 
malities of left aortic arches, the technique was not accurate. These 
problems are avoided by continuous wave Doppler probes incorpo- 
rated into large esophageal stethoscopes used in adults. This tech- 
nique provides cardiac output values, which in one study correlated 
well with thermodilution values in adults.“ However, measurement 
of aortic diameter and validation with one Doppler measurement from 
the sternal notch are also required to use the esophageal probe. Cur- 
rently available probes are too large for use in infants and small chil- 
dren. Pulsed Doppler output techniques provide equally good corre- 
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lations but also suffer from the need for sternal notch access and ma- 
nipulation of the probe for optimal flow images.}*> 

Not all investigators have found a good correlation between Dop- 
pler output estimation techniques and thermodilution cardiac 
output. !8 However, because thermodilution itself is invasive and has 
other shortcomings as a technique, particularly in children, noninva- 
sive Doppler measurements of output may be quite useful, since the 
measurements are highly reproducible and can accurately detect rel- 
ative output changes in individual patients.*4>°" Doppler techniques 
also yield reliable estimates of systemic cardiac output in the pres- 
ence of an intracardiac shunt, whereas indicator dilution methods are 
invalid when shunts are present. 

Changes in thoracic impedance as the result of ejection of blood 
by the heart also have been used to calculate cardiac output noninva- 
sively. Although commercial devices employing this technique are 
available that purportedly give accurate on-line cardiac outputs in 
small children with little attention from the anesthesiologist, these 
devices have not been adequately validated in clinical use. 


INVASIVE MONITORING 


Direct Arterial Pressure Monitoring 


Direct arterial pressure monitoring using intra-arterial catheters 
in children yields important beat-to-beat information that is fre- 
quently vital to the safe conduct of anesthesia. However, because 
intra-arterial monitoring in children carries somewhat more risk than 
in adults, the threshold for use of intra-arterial blood pressure moni- 
toring is thus higher. This is especially true in infants. Cerebral in- 
farcts from a temporal arterial catheter, renal and mesenteric infarction 
from umbilical artery catheters, or loss of extremity from peripheral 
arterial catheters have all been reported.”°*® Generally, radial arte- 
rial catheters are associated with fewer complications, but in young 
children radial catheters are not without hazard.*? One must be cau- 
tious about flushing arterial catheters at this or other sites in infants 
because microbubbles, thrombi, or other particulate matter is forced 
retrograde into the carotid arteries. This occurs with only a 0.5 ml 
volume flush in neonatal radial artery lines or with somewhat larger 
flush volumes in older patients.°*1 

The choice of a radial artery site must be considered in conjunc- 
tion with any history of previous or planned aortopulmonary shunts or 
coarctation repairs that may alter arterial pressures in that arm. Fem- 
oral artery catheters are a less desirable alternative, particularly in 
neonates and small infants in whom the incidence of perfusion- 
related complications is unacceptably high. A decade ago, major 
complications with femoral arterial catheters leading to leg amputa- 
tion were reported in neonates. 

In the tiny, reactive arterial vessels of infants, it is particularly 
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important to be aware that peripheral arterial catheters may not accu- 
rately reflect central aortic pressure during hypothermia hypoten- 
sion, and after weaning from cardiopulmonary bypass. 22,40,58 "This is 
especially true of arterial pressure measurement from foot catheters in 
infants. If the ascending aorta is readily available, 'as during cardiac 
surgery, direct measurement of ascending aortic pressure should be 
done. In other situations monitoring from other central sites should be 
performed when the peripheral arterial measurements are suspect. 
Blood pressure measurements in the upper arm using a cuff fre- 
quently will better reflect central pressures than a catheter in more 
peripheral locations. 


Intracardiac Pressure Measurement: General Considerations 


Transvenous or transthoracic measurement of atrial and pulmo- 
nary arterial pressures provides important physiologic data in the op- 
erating room and during the recovery period. Ease of placement and 
risk of percutaneous central vein catheterization in children differ 
from that in adults.?’ In infants, threading catheters centrally from 
peripheral veins is difficult and risks of central approaches to the 
internal jugular and subclavian veins may be higher, particularly in 
inexperienced hands. An increased rate of positive catheter tip cul- 
tures after percutaneous internal jugular vein catheterization has been 
reported in infants compared with older children.’* The low cervical 
approach to the internal jugular vein, compared with a high cervical 
approach, has resulted in significant morbidity in children in one 
report. 19 

In infants and small children without severe heart or pulmonary 
disease, right- and left-sided atrial pressures are almost identical as 
ventricular performance is more intimately coupled in the small child. 
Thus a central venous pressure will be a better indicator of volume 
status and left-sided filling pressures in the healthy small child. Mea- 
surement of pulmonary capillary wedge pressures is thus less fre- 
quently required in children. 


Pulmonary Artery Catheterization 


Pulmonary artery catheterization in the operating room may be 
difficult or impossible in children and does not always yield clinically 
useful information, particularly in congenital heart disease, which ac- 
counts for the bulk of heart disease in children.!°>” In children with 
severe acquired heart disease, indications for pulmonary artery cath- 
eterization are similar to those in adults with severe cardiac disease. 
In siek children with intracardiac congenital defects, percutaneous 
catheterization of the pulmonary artery using a flow-directed catheter 
can be very difficult. In these forms of congenital heart disease, left 
and right atrial or ventricular pressures are often equal because of 
large septal defects. In these cases a simple central venous catheter 
adequately reflects left-sided filling pressures as well as right-sided 
pressures. Many of these patients have pulmonary vascular obstruc- 
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tive disease, making the pulmonary capillary wedge pressure less 
useful. Owing to intracardiac shunts, thermodilution cardiac output is 
not reliable. In very small infants and in intracardiac defects such as 
tricuspid or pulmonary atresia, the transthoracic approach may be the 
only practical way of inserting pulmonary artery catheters. 

When appropriate, right heart and pulmonary catheterization in 
small children using 5 F balloon-tipped pulmonary artery flotation 
catheters is feasible, although technically more difficult than with 
adult-sized 7 F catheters. Relatively little experience with balloon 
flotation pulmonary artery catheters in children has been reported. 
In one study of their use in children, a 10 per cent incidence of carotid 
artery puncture and an 8 per cent incidence of positive catheter tip 
cultures were noted, along with a 92 per cent incidence of successful 
placement.”* These investigators reported that information from the 
pulmonary artery catheter yielded important diagnostic information in 
4T per cent of children and resulted in critical therapeutic interven- 
tions in 35 per cent of the children. Pulmonary artery catheters have 
also been useful in children with cardiomyopathy in a low output 
state, children in shock following generalized hypoxic-ischemic in- 
jury, for estimating intrapulmonary shunt in critically ill children, and 
for managing pulmonary hypertension in children with acute respira- 
tory failure and in neonates with pulmonary hypertension from vari- 
ous causes. 09243, 

Other reported experience in children is with transthoracic pul- 
monary artery catheters inserted at the time of surgery or small, single 
lumen pulmonary artery catheters inserted under fluoroscopy.*” 
Transthoracic pulmonary artery catheters have been associated with 
complications in 1.1 per cent of children. These complications in- 
clude catheter retention requiring operative removal and intrathoracic 
bleeding at the time of removal. Bleeding on removal (0.47 per cent) 
associated with some degree of tamponade and hemodynamic com- 
promise occur most frequently in children with pulmonary hy- 
pertension.** A small catheter with a single lumen or combined 
with a thermistor is available for transthoracic use. A separate 2 F 
pulmonary artery thermistor catheter is also available and, when cou- 
pled with a right atrial catheter, is useful for measuring cardiac out- 
puts in small children.*°4 


Left Atrial Catheters 


In children having complex congenital heart operations, left atrial 
catheters are useful for monitoring left ventricular performance. Mon- 
itoring left atrial pressure when weaning from bypass gives useful 
information about left ventricular performance, circulating volume 
status, and atrioventricular valve performance. Left atrial catheters 
must be inserted transthoracically under direct vision. There is a low 
incidence of bleeding (0.13 per cent) and catheter retention (0.63 per 
cent) associated with their use.** In the presence of pulmonary vas- 
cular disease, a reactive pulmonary circulation, or dysfunction of ei- 
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ther the left or right ventricle, left atrial cathetersiare particularly 
useful because of the limitations of pulmonary artery and right atrial 
catheters in these situations. 


Invasive Cardiac Output Monitoring 


Using an arterial withdrawal system or pulmonary artery cathe- 
ters with thermistors or fiberoptics, an indicator can be injected into 
the central venous circulation and sampled over time at the pulmo- 
nary artery or at a peripheral artery. A cold solution as indicator is 
used with pulmonary artery thermistor catheters and green dye can be 
used with fiberoptic pulmonary catheters or peripheral arterial with- 
drawal. For thermodilution outputs, smaller injectate volumes of 1 to 
3 ml can be used in infants and small children with good accuracy.7”*4 
However, intracardiac shunts invalidate both these methods. These 
methods carry a risk of sepsis and are not necessarily any more accu- 
rate than Doppler techniques in children.*°°? Measurements of car- 
diac output by indicator dilution techniques have been shown to be 
useful in children after open-heart surgery and other specialized 
situations.°? Using miniaturized Doppler flow probes placed on the 
aorta at the time of surgery and later removed by traction, continuous 
cardiac output can be accurately and usefully monitored in children 
following repair of congenital heart disease.**®* This technique, al- 
though useful, has not become widespread. 


Mixed Venous Oxygen Saturation Monitoring 


Using pediatric-sized fiberoptic pulmonary artery catheters or 
withdrawal of samples from pulmonary artery catheters allows moni- 
toring of mixed venous oxygen saturations periodically in the latter 
technique and moment by moment with the former technique. After 
repair of intracardiac septal defects, monitoring of mixed venous ox- 
ygen can reveal residual left-to-right shunting as evidence of residual 
septal defects.°>©° In any patients continuous bedside monitoring of 
mixed venous oxygen saturation with a fiberoptic pulmonary artery 
catheter and a bedside processor theoretically indicates the adequacy 
of the oxygen supply-demand balance of the perfused tissues in the 
body as a whole. Thus, mixed venous oxygen saturation functions as 
an early warning of untoward events causing an imbalance of this 
relationship and provides immediate feedback as to the effectiveness 
of interventions. Some clinical studies have shown this type of inva- 
sive monitoring to be effective in critically ill patients, but there has 
been no clear demonstration of its value in children.’ Technical prob- 
lems with this form of monitoring in small children are somewhat 
greater than in adults and, outside of a few centers, continuous mixed 
venmous oxygen saturation monitoring is not widely used. 


Two-Dimensional Echocardiography and Color Flow Doppler 


Echocardiographic monitoring of cardiac function, color flow 
Doppler monitoring of the status of intracardiac shunts, and Doppler 
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measurement of flows and pressure gradients are becoming increas- 
ingly useful intraoperatively and postoperatively. Although currently, 
pediatric-size esophageal echocardiogram transducers are not avail- 
able because of heat production problems, transesophageal echo- 
Doppler transducers have been used in older children with congen- 
ital heart disease to monitor intracardiac shunt flows intraoperative- 
ly.” Using a transcutaneous transducer when the chest is accessible, 
or a sterile sheathed transducer applied to the epicardium in an open 
chest, these measurements can also be done in small infants. If a color 
Doppler is not available, contrast material such as albumin injected 
into a central line can be used to visualize intracardiac shunts.!? Ven- 
tricular contractility, valvular function, and cardiac volumes can all be 
monitored intraoperatively using these techniques, which are cur- 
rently coming into wider clinical use in pediatrics.*>* 


APPROPRIATE MONITORING FOR THE 
PEDIATRIC PATIENT 


The great variety of pediatric cardiac and pulmonary disease, the 
diversity of operative procedures performed in children, and the sub- 
stantial changes in cardiopulmonary reserve that occur with growth 
and development even in the normal pediatric cardiopulmonary sys- 
tem all rule out a rigid approach to cardiovascular monitoring in chil- 
dren. Depending on the age, cardiovascular status, proposed opera- 
tion, and experience and skill of the anesthesiologist, appropriate 
cardiovascular monitoring in children varies widely. The newer non- 
invasive monitors now available for children provide more immediate 
and precise information about the status of both the pulmonary and 
systemic circulation. This information is particularly useful during the 
increasingly complex operations done in sick children. 

For a general anesthetic in any child undergoing a diagnostic or 
minimally invasive procedure such as a herniorrhaphy, minimal car- 
diovascular monitoring equipment consists of a single lead ECG, 
pulse oximeter, blood pressure cuff, and precordial or esophageal 
stethoscope. At the other extreme, in an acidotic, hypoxemic newborn 
with hypoplastic left heart syndrome, the minimal monitoring would 
be augmented by a second monitored ECG lead such as Vg, a central 
venous catheter, a radial and perhaps an umbilical artery catheter, 
pulse oximeters on both an upper and a lower extremity, a pulmonary 
artery catheter with a thermistor, and a left atrial line inserted during 
surgery. Additionally, a transcutaneous color Doppler could be used 
intermittently to monitor intracardiac shunting. Between these two 
extremes, the mix of monitoring techniques used in children depends 
on the judgment and skill of the ultimate monitor, the anesthesiolo- 
gist. 
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Monitoring the Coronary Circulation 


Richard I. Hall, MD, FRCP(C),* and 
Emerson A. Moffitt, MD, FRCP(C)t 


To understand the techniques employed to monitor changes in 
the coronary circulation induced by anesthesia and surgery, it is nec- 
essary to have an appreciation of the anatomy and physiology of this 
unique circulation. Against this background we will review the cur- 
rent methods employed to monitor changes in coronary blood flow 
and myocardial metabolism and their relevance to anesthesia. 


ANATOMY OF THE CORONARY CIRCULATION 


Arterial Blood Supply 


The arterial supply to the myocardium is via the right and left 
coronary arteries” that have their origin from the respective cusp 
regions of the aortic root. 

The left coronary artery passes behind the pulmonary trunk to 
emerge on the left side of the heart where within a short distance it 
divides into two or more major arteries: the left anterior descending 
(LAD), the circumflex (Cx), and occasionally a diagonal artery. The 
LAD passes in the anterior interventricular septum to terminate 
around the apex, giving rise to diagonal and septal perforating 
branches. The LAD and its branches supply blood to most of the 
ventricular septum, to the anterior, lateral, and apical wall of the left 
ventricle and to the anterolateral papillary muscle of the left ventricle. 
The circumflex artery runs posteriorly around the left side of the 
heart in the left atrioventricular (AV) sulcus and in 10 to 15 per cent of 
patients continues to form the posterior descending artery (PDA) on 
the posterior surface of the heart. It supplies the left atrial wall, pos- 
terior and lateral left ventricle, anterolateral papillary muscle and, in 
40 to 50 per cent of patients, the sinus node artery. 

The right coronary artery runs in the posterior AV groove to ter- 
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minate as a left ventricular branch. Its divisions include the conus 
artery to the right ventricular outflow area, the sinus node artery (40 to 
50 per cent of patients), the AV node artery, and the PDA (90 per cent 
of patients). The right coronary artery supplies blood to the sinus 
node, right ventricular wall, crista supraventricularis, and the right 
atrium. The PDA supplies the basilar posterior ventricular septum, 
AV node, proximal His bundle, half the diaphragmatic surface, and 
the posteromedial papillary muscle of the left ventricle. 

In man, the left coronary artery supplies the dominant portion of 
circulation to the ventricles in 20 per cent of patients, both right and 
left arteries in 30 per cent, and the right coronary artery in the remain- 
ing 50 per cent.* There is also an extensive collateral network capable 


of providing flow between epicardial vessels and at the endocardial 
level. 


Venous Drainage 


The venous drainage of the heart is composed of three different 
systems. The coronary sinus system receives blood from the great, 
middle, and small cardiac veins, the posterior veins of the left ventri- 
cle, and the left atrial oblique vein. The coronary sinus drains 96 per 
cent of the veins of the left ventricle.” However, 17 per cent of cor- 
onary sinus blood flow is composed of venous drainage from other 
than the left ventricle. Of this 17 per cent, a large proportion enters via 
the posterior cardiac vein, draining the posterior aspect of the heart 
(right-sided circulation). Studies measuring blood flow in the coro- 
nary sinus and extrapolating the results as indicative of changes in 
left-sided blood flow must be interpreted within the context of this 
anatomy. Hence the proper placement of coronary sinus catheters 
within the coronary sinus is important.?°**? 

The second venous drainage system involves the anterior cardiac 
veins, which drain directly into the right atrium.”° The third venous 
drainage system comprises thebesian vessels that drain directly into 
the cardiac chambers, primarily the right atrium and ventricle.*° 
Gregg and Shipley! have demonstrated that an extensive collateral 
network exists for the venous drainage of the heart. 


PHYSIOLOGY OF THE CORONARY CIRCULATION 


Metabolic Control 


Control of the coronary circulation occurs foremost at the cellular 
level. In healthy patients the blood flow to the myocardium is approx- 
imately 70 ml - min~? - 100 g` 1.26 The heart has only limited ability 
to function under anaerobic conditions and a continuous supply of 
well-oxygenated blood is essential for normal myocardial 
function.?”2954! The myocardium normally extracts approximately 
70 per cent of the oxygen supplied to it. Hence increasing demand for 
oxygen from increased metabolic need is met by increasing blood 
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flow with little change in coronary sinus mixed venous oxygen con- 
tent even under conditions of severe exercise.“ Blood flow to the 
myocardium is therefore largely dependent on metabolic need. 

The heart is capable of utilizing a variety of substrates for energy 
production via the Krebs cycle including glucose, free fatty acids, 
lactate, and pyruvate. Fatty acids are utilized in preference to other 
substrates when available. Under aerobic conditions 20 to 30 per cent 
of arterial lactate is extracted and metabolized and lactate is not nor- 
mally produced by the myocardial cell.}%?"*! Cellular levels of high- 
energy compounds such as ATP and creatine phosphate and their 
breakdown products (ADP, AMP, and inorganic phosphate) serve to 
regulate metabolism at the cellular level. Various substances have been 
implicated as blood flow regulators in response to metabolic needs 
and include carbon dioxide, reduced levels of cellular oxygen, lactic 
acid, hydrogen ions, histamine, potassium ions, increased osmolarity, 
polypeptides, prostaglandins, and adenine nucleotides. The latter are 
currently favored as the metabolic vasodilator.4°”*® 

The coronary arteries have the ability to constrict or dilate in the 
presence of changing coronary perfusion pressures so as to maintain a 
relatively constant supply of blood to the coronary tissues in the face 
of a constant oxygen demand (myogenic or autoregulation).*°°" In a 
review of the effects of volatile anesthetic agents on the microcircu- 
lation, Longnecker®® concluded that halothane and enflurane appear 
to leave coronary artery autoregulatory mechanisms intact. Isoflurane 
produces a “luxury perfusion” with increased coronary perfusion due 
to coronary artery dilatation occurring even in the presence of re- 
duced myocardial oxygen demand.’ More recently Hickey et al, in a 
study of the effects of volatile anesthetic agents on coronary autoreg- 
ulation in dogs, concluded that 1.0 MAC of halothane, enflurane, and 
isoflurane mildly disrupted autoregulation. Isoflurane produced the 
greatest change. None of the agents could be considered a powerful 
coronary artery vasodilator and indeed the maximal coronary artery 
blood flow and coronary vascular reserve (see following) were un- 
changed from the awake state.”° 

When blood flow fails to meet tissue demands for oxygen, anaer- 
obic metabolism ensues, with production of metabolites including an 
excess of intracellular lactate, which can be measured in the venous 
effluent from the ischemic area. Contractility is rapidly impaired.*+ 


Mechanical Factors 


Coronary blood flow is dependent on the maintenance of an ad- 
equate aortic perfusing pressure and changes in coronary vascular 
resistance.'+ This can be represented as 


Ò= P/R 


where Q represents coronary blood flow, P = aortic perfusing pres- 
sure, and R = coronary vascular resistance. This concept ignores the 
influence of inertia (blood velocity) and elastic components (blood 
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vessel wall elasticity), which may play roles in overall impedance to 
blood flow, but these changes are felt to be of minor importance.” 
The resistance to coronary blood flow can be considered under three 
separate components: (1) that due to basal viscous resistance, which is 
present when the coronary bed is fully dilated in diastole; (2) auto- 
regulatory resistance due to changes in metabolic need; and (3) that 
due to compressive resistance from contraction of the myocardial cells 
during the cardiac cycle. The latter component is substantial and ex- 
erts most of its influence during systole.?*! There is also a transmural 
pressure gradient with the endocardium affected more than the 
epicardium.***" Blood flow in a large coronary artery supplying the 
left ventricle may be transiently reversed during systole.*943 Maximal 
coronary inflow occurs during diastole. Blood flow to all areas of the 
myocardium is equal during diastole in spite of the transmural pres- 
sure gradient.” This suggests that the vasodilatory reserve of the en- 
docardium in response to increased myocardial energy requirements 
(the coronary reserve”), is relatively impaired compared with that of 
the epicardium. This may be one explanation for the relative suscep- 
tibility of the endocardium to ischemic insults especially when dia- 

; ‘ ‘ a ae - \ 2,5,22 
stolic perfusing time is limited (for example, tachycardia). 

In patients with coronary artery disease, flow across the stenosis 
is impaired and resistance is increased. Increasing flow across the 
stenosis further increases the resistance and exacerbates the pressure 
fall across the stenosis, thereby impairing flow beyond the stenosis. 
Owing to the reduced flow distal to the obstructing lesion, coronary 
reserve may be maximally utilized. Vasodilator drugs that increase 
flow in epicardial vessels rather than to the ischemic endocardium 
may exacerbate the problem and precipitate further ischemia (“cor- 
onary steal”). 111347 


Neural Factors 


While the primary factor regulating local myocardial perfusion is 
metabolic, some neural influence is also present. Stimulation of the 
vagal nerves to the heart has little effect on coronary arteriolar diam- 
eter although intracoronary injection of cholinergic agents elicits 
marked vasodilatation. The coronary vessels possess alpha- 
(constrictor) and beta- (dilator) adrenergic receptors. Studies in dogs 
suggest that stimulation of the alpha receptors modulates the coronary 
artery vasodilation in response to exercise,” even in the presence of 
coronary stenosis.” Poststenotic vessels that are maximally dilated to 
compensate for stenosis may remain susceptible to adrenergic vaso- 
constriction with the production of ischemia in the region distal to the 
stenosis. 


Humoral Influences 


Coronary vessels are lined with endothelial cells capable of al- 
tering blood flow through interactions with circulating blood ele- 
ments, with the subsequent release of vasoactive substances.!° 
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Through an interaction between the endothelium, prostaglandins, 
and circulating blood elements (particularly platelets) various medi- 
ators have been implicated as responsible for changes in coronary 
blood flow.*? These substances include serotonin (vasodilation), ade- 
nine nucleotides (vasodilation), and platelet-activating factor (vaso- 
constriction). The exact role each of these substances plays in the 
normal regulation of coronary arterial tone remains to be elucidated. 


METHODS OF MONITORING THE 
CORONARY CIRCULATION 


Inert Gas Washout Technique 


This method for measuring coronary artery blood flow depends 
on the measurement of the arteriovenous concentration difference of 
an inert gas, for example, xenon, nitrous oxide, krypton, or helium, 
over time and solving the equation 


Flow/unit wt = 100 x A AC,/, ft (C, — C,)dt 


where A is the tissue-blood partition coefficient for the indicator gas, 
C, is the coronary venous blood concentration (from the coronary 
sinus) and Ç, is the arterial concentration.2° The method has several 
deficiencies including inability to sample flow directly from the area 
of the myocardium of interest (for example, region of perfusion of the 
LAD) and the relative underrepresentation of areas with low perfu- 
sion unless sufficient time is allowed to permit tissue equilibrium to 
occur (at least 10 to 20 minutes for most gases). The method also 
suffers from problems with recirculating tracer gases during the ob- 
servation period and solubility of the tracer gases in cardiac adipose 
tissue, leading to false values for flow when compared with that mea- 
sured directly with electromagnetic flow probes. These deficiencies 
have prevented effective application of the technology to anesthetic 
research. 


Coronary Sinus Flow Catheter 


In 1971, following their experience with measuring cardiac out- 
put via a thermodilution technique with a specialized catheter, Ganz 
et al introduced the coronary sinus thermodilution catheter (Figs. 1 to 
3).14 With the catheter, flow in the coronary sinus could be measured 
along with sampling of blood for a variety of substances including 
lactate and coronary sinus mixed oxygen content.'* The flow measure- 
ment was based on the following formula: 


CSBF = Fy x 1.08 x (Ty = T,/T, oe Tu ce 1) 


where F} is the infusion rate of the indicator, 1.08 is a factor based on 
the densities and specific heat of blood and indicator when normal 
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Figure 1. Chest radiograph showing the coronary sinus catheter in situ with its 
typical caudad relationship to the pulmonary arterial catheter. PAC = pulmonary artery 
catheter, CSC = coronary sinus catheter. 


saline or 5 per cent dextrose is used, and Tg, T), and Ty are the 
temperatures (°C) of the blood, indicator, and mixture, respectively. 
In dogs, in which total coronary sinus blood flow was measured 
directly by blood collection and with the thermodilution technique, a 
correlation was noted (r = 0.987). In humans the measurement was re- 
producible (+4 per cent) provided the injection rate was greater than 
35 ml per minute. Problems with measurement of recirculating indi- 
cator were not encountered as the body is a large heat sink. The 
calculated flow per unit weight of myocardium was similar to that 
calculated using the inert gas washout technique. Ganz and col- 
leagues concluded that the technique was safe, reproducible, simple 
to employ, and useful in situations in which it was necessary to mea- 
sure rapid changes in coronary blood flow. Disadvantages of the 


Figure 2. Catheter tip of 
the Ganz coronary sinus cathe- 
ter, with its side injection and 
sample withdrawal port. The ex- 
ternal thermistor is downstream 
from the ejection port; the inter- 
nal one within the lumen. 
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Figure 3. Typical coronary sinus thermodilution flow measurement. Infusate at 
40 ml per minute over about 20 seconds gives internal thermistor detlection. External 
deflection is inverse to the rate of total coronary sinus blood flow. 


method were that it required catheterization of the coronary sinus and 
withdrawal of blood for sampling was slower and at times more diffi- 
cult, than with the inert gas technique. Also with repeated measure- 
ments, relatively large volumes of solution were injected. 

During cardiopulmonary bypass in dogs, VanDevanter et al com- 
pared flow measured by electromagnetic flow meter with that mea- 
sured by the coronary sinus catheter; their correlation was r = 0.90.48 
However, Mathey et al?” were able to demonstrate that coronary sinus 
reflux of right atrial blood could significantly increase the measured 
value for flow unless the catheter was advanced well into the coronary 
sinus. Weisse and Regan?” compared thermodilution coronary sinus 
blood flow with that obtained utilizing krypton. In their study only 60 
per cent of total LV blood flow was determined by the coronary sinus 
catheter. They attributed the discrepancy to changes in the position of 
the catheter within the coronary sinus, due to movement from myo- 
cardial contraction and catheter softening. They pointed out that these 
methodological problems would occur in humans, but perhaps to a 
lesser degree since the coronary sinus in humans is larger (9 to 12 
versus 6 to 7.5 ecm). Also in humans right ventricular venous inflow 
into the sinus occurs near the distal 2 to 3 cm of the sinus near the 
right atrial opening. Other potential but uninvestigated sources of 
error in measurement include arrhythmias, changes in intrapleural 
pressure, and the use of vasodilators that could alter the temperature 
of coronary sinus blood.* It was these considerations that led Baim et 
al to redesign the catheter (Fig. 4), adding the capability to measure 
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Figure 4. Catheter tip of the Baim coronary sinus catheter. Catheter tip with 
injecting/sampling port measures great cardiac vein flow. 


flow in the great cardiac vein. This vein drains flow from the left 
ventricle and is the largest branch draining into the coronary sinus, 
contributing approximately a third of the total coronary sinus flow.” 
This latter catheter is now used in many studies from cardiological 
laboratories utilizing thermodilution to measure total coronary sinus 
and great cardiac vein flow. 

In addition to measuring coronary blood flow, the catheter is used 
to sample blood from the coronary sinus for any blood-borne sub- 
stance including venous oxygen content (abnormally decreased when 
coronary arterial inflow is unable to supply sufficient oxvgen to meet 
myocardial demand), lactate ion (normally extracted from coronary 
blood and present only with anaerobic metabolism and ischemia), 57 
potassium, inorganic phosphate, and hydrogen ion (present in in- 
creased concentrations with ischemia). ee Apstein et al, utilizing 
isolated rat and rabbit hearts, showed that while the presence of lac- 
tate in coronary sinus blood was indicative of ischemia, it reflected 
neither the magnitude nor the duration of the ischemia. Finally, it 
must be appreciated that detection of markers for ischemia (for exam- 
ple, lactate ion) in coronary sinus outflow (which is the aggregate 
global flow from the ventricle) may fail to detect small amounts of 
these substances produced in a local area of ischemia in left ventric- 
ular muscle. 

Despite these recognized deficiencies, the coronary sinus cathe- 
ter has been useful for examining the effects of drugs emploved dur- 
ing anesthesia and surgery for patients with coronary artery disease. 
In a series of experiments recently reviewed by Moffitt and Sethna,2° 
utility of the catheter has been demonstrated for determining (1) that 
cardiac medications should be continued prior to cardiac operations, 
(2) the need for heavy premedication to avoid hypertension and isch- 
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emia with its potentially adverse outcome, (3) the value of opiates in 
combination with volatile agents in preventing hemodynamic re- 
sponse to surgical stimulation, (4) the potential detrimental effect of 
nitrous oxide in the production of myocardial ischemia, and (5) the 
production of ischemia, possibly by coronary steal, by high concentra- 
tions of isoflurane {independently verified by other groups utilizing 
different protocols””*°). The catheter has also been useful for measur- 
ing the sensitivity of other monitors in detecting myocardial ischemia 
(for example, ECG) and provided support for the widespread use of 
nitroglycerin by cardiac anesthesiologists to reduce myocardial filling 
pressures and hence cardiac work. That inotropes can be effective in 
patients with early ventricular failure, without upsetting myocardial 
oxygen balance, has also been demonstrated. 


Isotopes and Cardiac Imaging Techniques 


Radioisotopes are utilized to provide information about myocar- 
dial ischemia or infarction.“ Two general classes are available, those 
assimilated into ischemic or infarcted tissues and those taken up by 
normal myocardium. As an example of the first group, technetium 99 
is taken up by ischemic tissue and becomes positive within 12 to 14 
hours after the onset of myocardial infarction and returns to normal 
within 1 week. Its utility in the anesthetic situation is limited by the 
requirement that 12 hours must elapse prior to a positive scan. 

In the second class, an isotope is deposited in normal myocar- 
dium, leaving infarcted tissue as a “cold spot” on the scan. Underper- 
fused areas are detected by a gradual reduction in the filling defect 
observed in the initial scan. Examples of these isotopes include po- 
tassium 43, rubidium 81, cesium 129, and thallium 201. In a novel 
application of this technology to anesthesia, Kleinmann and cowork- 
ers performed preoperative thallium scans on 22 patients scheduled 
for coronary artery bypass grafting, then repeated the scan following 
intubation and postoperatively.” Ten patients developed new perfu- 
sion defects following intubation even though there were no other 
hemodynamic changes suggestive of ischemia. 

This method, however, has several drawbacks. It is necessary to 
expose patients to a radioisotope with specialized equipment and fa- 
cilities, plus the technical expertise required in the handling of radio- 
isotopes. Furthermore, only discrete events can be monitored during 
the operative procedure; that is, utility of the method during anesthe- 
sia and operation must be questioned. Sensitivity of the method for 
picking up small areas of ischemia developing during anesthesia is as 
yet unknown; that is, no satisfactory method is available to quantitate 
the magnitude of ischemia other than its presence or absence. 


SUMMARY 


Current methods for monitoring the coronary circulation employ 
two techniques: (1) measurement of coronary sinus blood flow and 
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content of substances known to be altered (for example, venous oxy- 
gen content) or produced (for example, lactate ion) during episodes of 
myocardial ischemia, or (2) use of radioisotopes to measure changes in 
coronary perfusion to areas of the myocardium at risk for ischemia. 

The first method, employing the coronary sinus thermodilution 
catheter, suffers from a lack of specificity for blood flow in regions of 
myocardium, but is sensitive for ischemia of sufficient global magni- 
tude to cause changes in coronary sinus content of the measured vari- 
ables. Data provided by this monitor are retrospective in nature, since 
the intraoperative assay of substances such as lactate ion is not widely 
available. Nevertheless, the information has been useful in determin- 
ing which anesthetic drugs and combinations have the potential to 
exacerbate or avoid ischemia in patients at risk. Its future use will 
likely be directed at the further investigation of effects of various 
anesthetic agents and surgical interventions on the production of my- 
ocardial ischemia and as a tool to compare the sensitivity of other 
monitors for the detection of myocardial ischemia. 

Radioisotope flow scanning is both sensitive and specific for the 
presence of myocardial ischemia, but complex requirements for the 
use of a radioactive isotope restrict its general applicability. 
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Monitoring Right Ventricular Function 
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An increased awareness of the importance of right ventricular 
(RV) function in governing overall myocardial performance has re- 
cently developed.” As a result, more attention has now become fo- 
cused on employing techniques aimed at monitoring RV function.®” 
Of particular interest to the anesthesiologist is the ability to diagnosis 
RV ischemia/infarction during the perioperative period.?”>° 

Anatomically, the right ventricle is defined by an inferior and an 
anterolateral wall. The inferior wall is supplied by the posterior de- 
scending branch of the right coronary artery. The anterolateral wall is 
perfused by the acute marginal] branch (from the left coronary artery), 
the conus branch (from the right coronary artery), and moderator 
branch of the left anterior descending artery. This highly developed 
collateral circulation has been cited as one possible factor for the low 
incidence of reported clinically significant RV infarctions.” However, 
in patients with RV hypertrophy, an accompanying increase in myo- 
cardial oxygen demand may place these patients at an increased risk 
for development of RV infarction.’ 

The clinical recognition of RV ischemia/infarction has only re- 
cently received attention, although the characteristics of RV infarction 
were described by pathologists nearly 50 years ago.°* This delay in 
recognition may be due to the fact that earlier electrocardiologists 
believed that RV necrosis was an electrically silent event (secondary 
to smaller electrical potential generated by the RV). However, follow- 
ing the first description of the “syndrome of right ventricular dysfunc- 
tion in the setting of acute inferior wall myocardial infarction” by 
Cohn et al, numerous studies have documented the ability to diagnose 
RV ischemia/infarction using the surface electrocardiogram.'* 

Standard monitoring for left ventricular ischemia/infarction uses 
lead V; in combination with lead II.8 However, as a result of the 
location and geometry of the right ventricle, this lead configuration 
provides a very limited view of the right ventricle and is often unable 
to detect early signs of right ventricular dysfunction.** New lead 
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placement systems now allow for a more specific electrocardiographic 
image of the RV. Klein et al have determined the sensitivity and 
specificity of using the V,R lead.** Using radionuclide studies and 
echocardiography to verify the presence of RV dysfunction seen by 
EKG, they found that the V,R lead is a highly specific means of de- 
tecting RV ischemia. In 1985, Wellens reported that exercise induced 
ST-segment elevation or depression of 1 mm or greater in lead V,R 
during a treadmill stress test can be used as an accurate predictor of 
proximal right coronary artery stenosis.°° As a result of these studies, 
it appears that the V,R lead offers a sensitive as well as specific, elec- 
trocardiographic means to detect RV ischemia. 

Erhardt et al recorded ST-segment elevation (of more than 1 mm) 
in the CR,R lead (fifth intercostal space at the right midclavicular 
line) in ten patients (10/17) with autopsy-proven, fresh, right ventric- 
ular infarcts.1? Subsequently, Chou et al reported transient ST- 
segment elevation in the precordial lead V, in eight patients (8/11) 
presenting with acute myocardial infarction. The diagnosis of right 
ventricular infarction was documented by autopsy in five of these 
patients and by hemodynamic monitoring in six.’” Additionally, RV 
infarction may also be associated with ST elevation in the conven- 
tional precordial leads (leads V, to Vs) and as a result may mimic an 
anterior myocardial infarction. Croft et al also found elevation of the 
ST segment in at least one right precordial lead in 11 consecutive 
patients (11/33) with an acute inferior wall myocardial infarction.’® 
Virmani et al have reported a case of isolated RV infarction associated 
with ST-segment elevation in leads V} to V;.°° At autopsy, the patient 
had an isolated RV infarction without any evidence of left ventricular 
necrosis. The authors postulated that these ST-segment elevations (in 
the precordial leads) are the result of RV dilatation with a subsequent 
clockwise rotation of the myocardium. Of note, in this case of RV 
infarction the degree of ST-segment elevation in the precordial leads 
(V, to Vs) decreases from right to left, with the maximal ST-segment 
elevation present in lead V,. Thus, it appears that ST-segment 
changes in either CR,R, Vj, or V,R, are highly specific for identifying 
patients who are at an increased risk for the development of right 
ventricular ischemia (Fig. 1).19169.23.53 As an adjuvant diagnostic mo- 
dality, Trager et al have recently documented the ability of the esoph- 
ageal electrocardiogram to diagnose RV ischemia.°° They demon- 
strated that this is a valuable addition for the specific and sensitive 
detection of RV ischemia, particularly in patients with right coronary 
artery lesions. 

In addition to electrocardiography, comprehensive evaluation of 
RV performance should include the determination of pressure and 
volume measurements. Normal RV pressure is approximately 25/0-6 
mm Hg. Traditionally, central venous pressure measurements (right 
atrial pressure) have been used as an indicator of RV pressures and 
volume changes. However, depending on the compliance changes of 
the RV, and/or abnormalities in the tricuspid valve apparatus, central 
venous pressure may be an inadequate predictor of right ventricular 
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Figure 1. The electrocardiogram (EKG) of a 56-year-old man with an angiograph- 
ically proven occlusion of the right coronary artery and subsequent acute myocardial 
infarction. This EKG shows infarction of the free wall of the right ventricle, as sug- 
gested by the curved and elevated ST segments in leads V and V,R. (From Lynch C: 
Perioperative right ventricular ischemia. J Cardiothorac Anesth 1:126~-131, 1987; with 
permission.) 


end-diastolic volume and pressure measurements. A poor correlation 
exists between left ventricular end-diastolic volumes and left ventric- 
ular end-diastolic pressure relationships.‘?*° This may be analogous 
to studies reporting a poor correlation between left ventricular vol- 
ume and pressure. This poor correlation between left ventricular end- 
diastolic volume and pulmonary artery wedge pressure has been dem- 
onstrated by Hansen et al.2° They studied the relationship between 
left ventricular end-diastolic volume (gated blood pool scintigraphy) 
and stroke volume (determined by thermodilution) in cardiac surgical 
patients. In post-coronary artery bypass patients, there is a poor corre- 
lation between changes in pulmonary wedge pressure and left ven- 
tricular end-diastolic volumes. It is likely that an analogous relation- 
ship exists between RV pressure and RV volume. 

Several of the same diagnostic and therapeutic modalities that 
have been developed for the evaluation of left ventricular volume 
have also been employed for the measurement of RV volume. How- 
ever, because of the anatomic variability of the RV, development of a 
standardized technique that relies on development on a single geo- 
metric model is often difficult. Anatomically, the right ventricle is a 
crescent-shaped structure with a variable shape which is determined 


854 ROBERTA HINES 


by loading conditions. Depending on the angle from which it is 
viewed (that is, superior, inferior, or apical), the RV has been de- 
scribed as a pyramid, an ellipse, or a tetrahedron. Present techniques 
available for evaluation of RV volume include angiography, echocar- 
diography, radionuclear methods, thermodilution, and, recently, nu- 
clear magnetic resonance imaging. However, because of logistical and 
technical constraints, the use of several of these techniques is often 
limited in the operating room and intensive care unit. Angiography 
can pose a significant risk due to the pharmacologic properties of 
currently available contrast media. Each study necessitates the injec- 
tion of additional dye with a subsequent osmotic load which may be 
poorly tolerated by seriously ill patients. ”4%45 

In an attempt to avoid some of the problems encountered with 
angiography, radionuclear techniques have been employed. Two com- 
monly used radionuclear techniques are the first pass technique and 
the equilibrium gated pool scan. Both techniques allow for the deter- 
mination of several parameters including ejection fraction, systolic 
ejection time, peak filling rates, peak ejection fraction, and rate of 
contractility. 1443 The first pass technique facilitates the measure- 
ment of these parameters during a single cycle and is based on the 
principles of indicator dilution therapy. Homogeneous mixing of the 
radioactive trace is necessary for proper performance of this tech- 
nique. Therefore, any artifact encountered, for example, arrhythmias, 
may invalidate the results obtained using this method. Also, a separate 
injection of radioactive agent is required for each first pass study and, 
as a result, patients may be subjected to a large amount of radiation if 
serial studies are needed. To avoid problems associated with repeated 
measurements, development of new half short live traces such as gold 
195m may allow numerous sequential first pass studies to be per- 
formed without the accumulation of radiotracer.” The equilibrium 
gated pool uses labeled red cells for evaluation of RV function and 
allows for repeated measurements with only a single bolus injection 
of radioactive tracer.1”*° By use of a computer, approximately 5 min- 
utes of heart beats are collected and gated to the EKG, an averaged 
cycle constructed presents RVEF. The left anterior oblique (LAO) 
projection is most often used in order to clearly separate the counts 
obtained from the two ventricular chambers. However, even with this 
orientation there is a high degree of superimposition of the right atrial 
activity, as high as 20 per cent in some studies. Despite their limita- 
tions, these two radionuclear methods have been used very effec- 
tively for the evaluation of right ventricular function. 

In addition to the previously mentioned radionuclear techniques, 
both M-mode and two-dimensional echocardiography have been em- 
ployed to investigate right ventricular function.2?*°4" Ultrasound 
provides useful information regarding (1) the thickness of the anterior- 
posterior free wall, (2) RV dimensions, and (3) the motion of the IVS, 
which may reflect the loading conditions.?#”°3 M-mode echocardiog- 
raphy provides only an “ice pick” view of the RV. That is, by using a 
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single beam of sound this technique generates a “one-dimensional 
recording” that lacks spatial orientation. 

In contrast to M-mode, two-dimensional echocardiography using 
multiple beams of sound allows simultaneous visualization of larger 
areas of the right ventricular cavity.2?2°* This technique allows the 
construction of a more spatially correct image of the heart. Examina- 
tions are recorded from a standard apical four-chamber view, paraster- 
nal short-axis view at the tricuspid valve, and the subcostal long-axis 
view. The apical four-chamber view has been most extensively stud- 
ied and appears to provide the most useful information.” Linear di- 
mensions, such as right ventricular long and short axis, as well as 
anterior and posterior dimensions can be measured and systolic short- 
ening calculated. Several mathematical models have been proposed 
for calculating end diastolic volume, end-systolic volume and derived 
ejection fraction.” Owing to the inherent difficulty in developing a 
simple geometric model of the RV, regression equations may inaccu- 
rately predict ventricular volumes. Several methods, including Simp- 
son’s rule, have been proposed to determine RV volumes from echo- 
cardiographic data.°> However, these methods may over-estimate 
right ventricular volume by as much as 20 to 40 per cent. Therefore, 
echocardiographic assessment of qualitative evaluation of RV ventric- 
ular function has several limitations. These are related to the shape of 
the RV cavity and its position directly below the sternum which 
acoustically “hides” the RV. In addition, none of these methods al- 
lows for, the change in RV shape that occurs during volume 
loading.” 


a ciety, two-dimensional transesophageal echocardiography 
has been used to monitor intraoperative myocardial performance. Al- 
though initially developed to access LV dynamics, this technique may 
prove to be beneficial in assessing RV performance. The position of 
the two-dimensional transesophageal probes avoids the problem as- 
sociated with sternal interference seen with the other echocardio- 
graphic techniques. Terai et al recently reported the effects of positive 
end-expiratory pressure (PEEP) on cardiac function using two- 
dimensional transesophageal echocardiography.“ Measurement of 
RV function during PEEP demonstrated a decrease in right ventric- 
ular and preload (PEEP > 15 cm H,0). 

In an attempt to overcome the limitations of the previously de- 
scribed techniques, a new technique has been developed to deter- 
mine RV volumes. Based on the indicator dilution theory and use of 
the rapid response thermistor pulmonary artery flow catheter, pight 
ventricular ejection fraction (RVEF) can be calculated (Fig. 2).4 The 
thermistor response, of the standard thermistor-tipped pulmonary ar- 
tery catheter, is between 300 and 1000 ms. By reducing the response 
time to 50 ms (rapid response thermistor), beat-to-beat temperature 
variation may be seen on a thermodilution cardiac output curve. A 
typical thermal washout cardiac output curve generated by this 
method allows measurement of changes in temperature associated 
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Figure 2. Thermal dilution cardiac output curve obtained with a rapid response 
pulmonary artery catheter. Following 0.5°C calibration spikes, a thermal bolus is in- 
jected. Plateaus represent diastolic C}, C,, and C} temperature differences between 
respective diastolic plateaus. (From Kay H, Afshan M, Barash PG, et al: Measurement 
of ejection fraction by thermal dilution techniques. J Surg Res 34:337—346, 1983; with 
permission.) 


with successive diastolic plateaus (Fig. 2).°? Computation of the right 
ventricular ejection fraction (RVEF) is then easily accomplished. 
(Normal thermodilution RVEF is approximately 40 per cent). 


RV stroke volume = cardiac output/heart rate 
RV end-diastolic volume = RV stroke volume/RV ejection fraction 
RV end-systolic volume = RV/end-diastolic volume—RV stroke 
volume 


In addition to RVEF, stroke volume, end-diastolic volume, and 
end-systolic volumes may also be easily calculated using this method. 
This catheter provides cardiac output, right ventricular ejection frac- 
tion, pulmonary artery and capillary wedge pressure, and right ven- 
tricular pressure as well as right atrial pressures. 

Kay and colleagues have validated this technique using radionu- 
clear studies in both an animal model and in patients following open 
heart surgery.” Subsequent validation of the thermodilution determi- 
nation of RV volumes and ejection fraction measurements has been 
performed using biplane angiography by Urban et al.°! There are, 
however, two specific limitations to the use of this technique. The 
first involves patients with cardiac dysrhythmias, such as atrial fibril- 
lation. Variations in diastolic filling time may introduce the errors into 
the measurement of right ventricular ejection fraction. However, as 
the RVEF is computed within four to five beats, an average RVEF 
may be obtained. In addition, in patients with regurgitant valvular 
lesions, especially tricuspid insufficiency, an erroneous RVEF may be 
seen since this technique measures only forward flow. However, 
placement of a thermistor in the atrium will allow calculation of the 
regurgitant fraction. 
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Techniques of nuclear magnetic imaging have recently been em- 
ployed as a new method for assessing myocardial performance. Eval- 
uation of the right ventricle using magnetic resonarice imaging was 
recently described by Machiewicz et al.38 This technique was ex- 
tremely effective in its ability to evaluate RV architecture and size. In 
addition, the tricuspid valves, as well as end-systolic and end-diastolic 
RV volumes were easily visualized. In addition, magnetic resonance 
imaging provided clear epicardial surfaces which will be useful for 
qualitative and quantitative assessment of the complex RV geometry. 

The importance of monitoring RV function becomes apparent in 
several clinical situations. These include patients with adult respira- 
tory distress syndrome, patients with chronic obstructive pulmonary 
disease, patients requiring mechanical ventilation, patients receiving 
an infusion of protamine, and patients with right coronary artery dis- 
ease. Matthay and his colleagues have identified the presence of RV 
dysfunction in patients with chronic obstructive pulmonary disease 
using radionuclear stress testing.” Their report documents the impor- 
tance of the evaluation of RV performance in this higher risk group of 
patients. In their series of 30 patients, only 8 had evidence of RV 
dysfunction at rest. However, in response to exercise, abnormal ele- 
vations of RV systolic and diastolic pressures were evident in 23 pa- 
tients. 

In the management of patients with adult respiratory distress syn- 
drome (ARDS), knowledge of RV function is also clinically important. 
Regardless of the etiology of ARDS, RV dysfunction usually occurs as 
a result of increasing afterload, secondary to pulmonary artery hyper- 
tension. Sibbald et al examined biventricular function in patients with 
ARDS and found a negative correlation between right ventricular 
ejection fraction and the mean pulmonary artery pressure.* This in- 
crease in pulmonary artery pressure has also been associated with a 
depression of RV contractility. It has been proposed that with increas- 
ing RV end-diastolic volume an increase in RV wall stress may de- 
velop that may predispose the RV to subendocardial ischemia. The 
degree of pulmonary artery hypertension necessary for the develop- 
ment of ischemia and resultant RV failure has not been determined. 

Much debate has centered on the practice of using volume 
expansion as the primary treatment modality in the setting of acute 
respiratory failure with associated pulmonary hypertension. Prewitt et 
al investigated the hemodynamic effects of fluid therapy in the setting 
of increased RV and ARDS.® Using equilibrium scintigraphic tech- 
niques, the end-diastolic and systolic areas of both the left and right 
ventricles were measured. When pulmonary vascular resistance 
(PVR) was normal, volume loading resulted in an increased cardiac 
output. However, when increased PVR (that is, PA pressure) was 
present, volume expansion resulted in RV failure, documented by 
decreasing cardiac output and an increase in right ventricular end- 
diastolic pressure. They postulated that the increases in PVR, in com- 
bination with increased RV volumes, resulted in increased RV wall 
stress and a subsequent decrease in RV contractility. Thus, volume 
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expansion further increased myocardial oxygen requirements, leading 
to RV dysfunction secondary to ischemia. In summary, ARDS compli- 
cated by pulmonary artery hypertension (PAH) is associated with the 
reduction in RVEF and an increase in RV end-diastolic volumes and 
may be associated with RV contractile dysfunction. 

Various modes of mechanical ventilation may also impair RV per- 
formance. Braunwald et al have demonstrated that a gradient is devel- 
oped during mechanical ventilation between transthoracic and 
transpulmonary pressures.’° This results in a translocation of the cen- 
tral venous blood volume to the periphery, leading to a decreased 
venous return. Increases in transpulmonary pressure during mechan- 
ical ventilation increase lung volume and may exponentially increase 
pulmonary vascular resistance.” By increasing RV afterload, changes 
in ventilatory mode may influence right heart hemodynamics. Jardin 
has shown that mechanical ventilation with PEEP (30 cm H0) results 
in a shift of the intraventricular septum with paradoxical motion re- 
sulting in right heart dilatation and decreased left ventricular chamber 
size.*+ New data also reveal that in postoperative ventilated patients, 
a decrease in RVEF is seen at PEEP levels greater than 15 cmH,O. 
Further changes in ventilatory modes (that is, IMV or assist control) 
may further alter right heart function. Studies demonstrate that RVEF 
is most impaired with assist controlled ventilation and is least af- 
fected by intermittent mandatory or spontaneous ventilation.’ These 
differences observed in the various modes of mechanical ventilation 
are thought to occur as the result of the differences that are obtained 
in intrathoracic pressure gradients.” 

Recently, high-frequency jet ventilation has been reported to 
cause less hemodynamic instability than traditional modes of mechan- 
ical ventilation. However, its effect on right ventricular performance 
had not been fully evaluated until a recent report by Biondi et al.° 
They demonstrated the effect of airway pressure on RVEF. A signif- 
icant negative correlation was seen between RVEF (thermal) and in- 
creasing amounts of airway pressure delivered by the high-frequency 
jet ventilator. 

The effect of RV ischemia and/or infarction on global cardiac per- 
formance is currently under investigation. A recent investigation eval- 
uated right ventricular function in patients undergoing coronary ar- 
tery bypass surgery.” Based on angiographic data, patients were 
classified according to the degree of stenosis present in the right cor- 
onary artery (RCA). Subsets were defined as those having less than 90 
per cent stenosis and those with greater than 90 per cent stenosis of the 
right coronary artery. In the group of patients with greater than 90 per 
cent stenosis of the RCA a statistically significant increase in RVEF 
was observed following coronary artery revascularization. In a subse- 
quent report, a patient with total RCA occlusion was observed to de- 
velop RV ischemia while undergoing cardiac surgery. The earliest 
signs of this right ventricular dysfunction are manifest as an elevation 
in right ventricular end-diastolic pressure accompanied by a decrease 
in RVEF (in the face of a normal PCWP).?” This loss of RV compli- 
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ance was not seen on electrocardiography using a cumulation of II and 
Vs. The administration of intravenous nitroglycerin resulted in the 
induction of this event (Fig. 3). 

The importance of monitoring RV function ‘Haauerduvels has 
been illustrated by recent reports of RV failure following protamine 
infusion. Protamine administration has been associated with RV fail- 
ure and subsequent cardiac decompensation.*° Numerous studies 
imply a predominant vasodilating response as the principal event 
responsible for myocardial dysfunction following protamine ad- 
ministration. However, a report by Lowenstein suggests that pul- 
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Figure 3. Loss of RV compliance in a patient with dominant right coronary artery 
disease is seen with increasing RV end-diastolic pressure and decreasing RVEF. Ni- 
troglycerin resulted in resolution of these events. EKG leads II (not shown) and Vs 
failed to show RV ischemia. EKG = electrocardiogram, BP = blood pressure, RAP = 
right atrial pressure, PAP = pulmonary artery pressure, RVP = right ventricular pres- 
sure, CO = cardiac ouptut, BNTG = post nitroglycerin therapy. (From Hines R, Barash 
PG: Intraoperative right ventricular dysfunction detection with a right ventricular ejec- 
tion fraction catheter. J Clin Monitoring 2:206~-208, 1986; with permission.) 
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monary vasoconstriction following protamine infusion is the primary 
event leading to RV failure.” Lowenstein described five patients who 
developed severe hemodynamic instability when intravenous prot- 
amine was infused following cardiopulmonary bypass. To ascertain if 
protamine infusion was associated with alterations in RV performance 
on an episodic or consistent basis, Hines and Barash evaluated both 
right and left ventricular function in patients undergoing open heart 
surgery.” No statistically significant changes in RVEF, RVEDP, sys- 
temic blood pressure, mean pulmonary artery pressure, or pulmonary 
vascular resistance were seen at any point during the study. In the 
patients undergoing coronary artery bypass surgery, right ventricular 
end-diastolic pressure did not significantly increase from the baseline. 
Similarly, in the patients with valvular heart disease, the pre- 
protamine right ventricular end-diastolic pressure remained un- 
changed throughout the study. These values remained statistically 
unchanged following protamine infusion. In addition, no statistically 
significant alterations in left ventricular function could be detected in 
the cardiovascular response to protamine within either patient popu- 
lation. To ascertain whether pulmonary artery hypertension was an 
additional risk factor, they examined right and left ventricular func- 
tion in a subset of patients with pulmonary artery hypertension (PAP 
greater than 25 mm Hg). Even in these high-risk patients, right ven- 
tricular performance as measured by RVEDP and RVEF failed to 
reveal any predictable deterioration in RV function during or follow- 
ing protamine infusion. 

As new evidence demonstrating the importance of RV function 
becomes available, diagnostic and therapeutic strategies will continue 
to be developed to ensure detection and the rapid treatment of RV 
dysfunction. Employing this combination of early diagnosis and treat- 
ment, overall cardiac performance can be maximized in critically ill 
patients. 
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Recent laboratory tests and limited patient studies have given us 
new insights into intravenous (IV) fluid administration and the venous 
circulation.1® These insights show that the laws of physics that are 
familiar in other situations’®** also apply when fluid is infused 
through IV systems into patients. Our new insights provide a physical 
and mathematical model that describes how pressure, resistance, and 
flow are related in IV fluid administration. 

The technology of IV fluid administration has progressed rapidly 
and persistently during the past 30 years. Although conventional 
roller-clamp control is still used in most operating rooms, intensive 
care units (ICUs) and other patient care areas rely heavily on IV con- 
trollers and pumps in an attempt to enhance patient care. Unfortu- 
nately, the advantages and disadvantages of different techniques and 
devices have been obscure. This is largely because we failed to un- 
derstand the physics and physiology involved. 

Commercial infusion systems have evolved in a seemingly logical 
manner: Initially, IV fluid administration systems were composed of 
an elevated bag or bottle of fluid, a length of plastic tubing com- 
pressed at one site by a roller clamp, a catheter, and the patient's 
vein.”! Clinical observations showed that flow rate was inaccurate*!? 
and varied spontaneously’; this was attributed to changes in the shape 
of the plastic tubing within the clamp (“cold flow”) or movement of 
the roller (“clamp creep ). In an attempt to solve the problem of flow 
variation, “creepless” clamps were manufactured using improved de- 
sign and ‘materials, but flow still varied.” It was then reasoned that 
changes in flow rate, under otherwise constant conditions, must be 
due to “patient factors.” Clinicians had already learned to compensate 
for flow variation by frequently checking and readjusting flow rate. To 
maintain constant flow manually, either clamp resistance or bag 
height were adjusted. In the early 1970s, electronic IV rate controllers 
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were first introduced.’ Most of these devices automatically varied 
clamp resistance by compressing the tubing. One instrument varied 
effective bag height by intermittently occluding the tubing (IVAC 
Model 260, IVAC Corporation, San Diego, CA). These IV flow con- 
trollers were able to achieve accurate consistent flow,®** and some 
even provided the clinician with information to help manage the IV 
site. Other nonindicating devices simply regulated flow while they 
actually obscured patient changes. 

Occasionally, IV controllers were unable to deliver the set flow 
rate using only the pressure available from the height of the fluid 
container and sounded an alarm instead. The advent of the IV infu- 
sion pump answered the need for a more robust fluid administration 
system, capable of delivering the desired volume and flow regardless 
of pressure required. However, the use of IV pumps sometimes led 
to severe tissue damage when necrotizing agents as diverse as KC], 
dopamine, calcium salts, and Adriamycin (doxorubicin)'****> were 
infiltrated into extravascular compartments. 

Incorporation of a medical-grade pressure transducer and micro- 
processor into one manufacturer's product (Variable-Pressure Volu- 
metric Infusion Pump Model 560, IVAC Corporation, San Diego, 
CA)*”° affords some protection. With the pressure-monitoring pump, 
when infusion pressure exceeds the preset level, an alarm sounds and 
flow is interrupted. Nonetheless, even with such a sophisticated pres- 
sure-monitoring instrument, infiltration still cannot be reliably de- 
tected or prevented. 

In our laboratories at Brigham and Women’s Hospital, we have 
created a physical model to explain the behavior of IV infusion sys- 
tems. The model and its mathematics are described simply in the 
following pages. 

In our experiments and in the following discussion, a commer- 
cially available infusion pump, capable of monitoring pressure while 
providing controlled flow, is used to make measurements that illus- 
trate the model and give tremendous insight into understanding IV 
fluid administration. Using the model, its mathematics, and measure- 
ments made with the pressure-monitoring infusion pump, we believe 
we can detect infiltrations and distinguish them from artifacts and 
more minor IV site problems that cause partial obstruction. 


THE RELATIONSHIP BETWEEN PRESSURE, RESISTANCE, 
AND FLOW 


Figure 1 shows a gravity flow IV system with rate controlled 
manually by a roller clamp, which works by creating a large resistance 
to flow by constricting the tubing. The system is composed of an 
elevated fluid-filled bag, flow (F) down and through the tubing, the 
roller clamp, an IV catheter, the patient’s vein (where resistance and 
collapse, that is, obstruction, affect), and the heart. 
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Figure 1. cans manual IV system controlled by a roller clamp. A) Sche- 
matic diagram and B) typical pressures observed during 200 ml per hour flow into a 
patient through a 20-gauge catheter. 


In Figure 1B we have constructed a scale that shows values ob- 
tained if we measure pressures within the combined tubing/patient 
system at several locations. A pressure scale on the left quantifies bar 
heights that depict pressures in the tubing, vein, and heart. 

The pressure at the fluid level at the top of the bag is zero, or 
atmospheric pressure. However, the height of this fluid level is im- 
portant because it represents the top of a column of fluid, which pro- 
vides the motive force to cause flow. Gravity pulls down on the col- 
umn causing it to flow through any outlet, “downhill,” toward an area 
of lesser pressure. The bottom of this column is labeled the “reference 
level.” The weight of the fluid column provides pressure at the ref- 
erence level, which is proportional to the height of the column and the 
density (weight per unit volume) of the fluid. If the pressure is mea- 
sured in cm H,O, its value is equal to the height of the water level in 
the bag, measured in centimeters. Hydrostatic pressure is analogous 
to several circus gymnasts, each standing on the shoulders of the one 
below. The fellow on the top feels no pressure on his shoulders, but 
the one on the bottom feels the combined pressure of all the others 
above him. Therefore, with the fluid level 136 cm above, the pressure 
measured at the reference level would register 136 cm H,O or 100 
mm Hg. 

The roller clamp in Figure 1 has been adjusted to 100 ml per hour 
by observing the rate of drop formation in the drip chamber and ad- 
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justing the roller clamp until the appropriate drop rate is attained. If 
a pressure measurement were taken between the roller clamp and 
catheter, the pressure might read 16 mm Hg. This would tell us that 
the resistance imposed by the roller clamp caused a large drop in 
pressure (from 100 to 16 mm Hg). 

A measurement taken in the diagramed vein might read 13 mm 
Hg, indicating that a further pressure drop of 3 mm Hg occurred across 
the catheter. 

Lastly, if we could measure pressure in the right atrium of the 
heart, “central venous pressure” (CVP) would read 10 mm Hg. This 
indicates a pressure drop of another 3 mm Hg within the veins. 

Reviewing the whole model, we can see that the flowing infusion 
encountered a series of resistances that accounted for the entire pres- 
sure drop from 100 mm Hg (generated by the column head height) to 
10 mm Hg at the heart. The pressures in this example are realistic. We 
especially note that the pressure of the fluid within the tubing, flow- 
ing at 100 ml per hour, is only 16 mm Hg. 

In Figure 2, the roller clamp has been readjusted to a rate of 200 
ml per hour. To permit the faster rate, the readjusted clamp offers less 
resistance, and the pressure measured in the tubing between the cath- 
eter and roller clamp is a bit higher, 22 mm Hg. The pressure in the 
vein is slightly higher than before, 16 mm Hg, and the pressure in the 
right atrium is unchanged at 10 mm Hg. Our 200 ml per hour flow 
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Figure 2. Model ee pressures Parsee in a gravity-flow manual IV system with 
roller clamp adjusted to 200 ml per hour. 
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does not change the pressure in the patients heart; however, we have 
changed the pressures observed at each point along the way. The 
change in roller clamp resistance altered pressures in the tubing on 
either side of the clamp and affected flow rate. | 

In Figure 3, we have further reduced the roller clamp resistance 
to allow flow to achieve 500 ml per hour. We notice that the pressure 
in the tubing has risen to 40 mm Hg, the venous pressure to 25 mm 
Hg, and the heart remains at 10 mm Hg. 

During all the rate manipulations described, pressure provided 
by the 100 mm Hg gravity head height has remained constant, and we 
have observed that as resistance from the roller clamp was reduced, 
flow increased. 

In Figure 4, the roller clamp is adjusted to stop flow completely. 
This action separates the patient/tubing system into two segments so 
that there is no longer a relationship between the pressures in the IV 
tubing above the clamp and downstream from it. 

If we check the pressures at various sites in the system, we note 
that when there is no flow through a resistive component, there is no 
pressure drop across it. Therefore, we have learned that a resistor in a 
fluid path affects pressure only when there is flow present. 

Further, since the clamp separates the downstream system from 
the bag as a pressure source, the pressure in the tubing segment be- 
yond the clamp appears to originate from the patient’s heart. 
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Figure 3. Model and pressures sa ina OP cane manual IV system with 
roller clamp adjusted to 500 mi per hour. 
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Figure 4. Model and pressures observed in a gravity-flow manual IV system with 
roller clamp turned completely off. Pressure measured arises from the patient’s heart 
and is independent of bag height (see text for details and limitations). 


THE PRESSURE-FLOW RELATIONSHIP 


Figure 5 depicts the pressure-flow relationship (PFR) for the sys- 
tem we have been discussing. The data table reminds us of the pres- 
sure measured in the tubing (between roller clamp and catheter) at 
each of the four flow rates, including zero. 

When each pressure is marked on the graph directly above the 
corresponding flow rate, we observe that the points can be connected 
by a straight line. If we had measured the pressure at additional flow 
aie they would have also fallen on this line that relates pressure to 

Ow. 

The PFR is a property or characteristic of the system we mea- 
sured. In this case, the system comprised the fluid path from below 
the roller clamp to the patient’s heart. As we will see, the slope of the 
PFR represents the total resistance (R) of this tubing-catheter-patient 
system. Resistance is one of the two crucial parameters in understand- 
ing IV fluid infusion. 

By looking at the graph in Figure 5, we are reminded that the 
measured pressure at zero flow (Pg) was determined by the patient’s 
CVP (heart), and that additional resistive pressure (P es) resulted 
within the system only when there was flow through the resistors. 
Also, it is clear that P es the pressure resulting from resistance to flow, 
is proportional to flow. 


t 
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Figure 5. Graphic representation of the PFR measured in a typical peripheral 
vein with a 20-gauge IV catheter. 


The PFR may be depicted in graphic form for any fluid path, 
component, or system. This is done by plotting pressures measured at 
two or more flow rates. Further, the PFR for a single tubing- 
catheter-patient system would be the same regardless of what pro- 
vided the force to move the fluid (for example, gravity or pump) or 
what regulated the flow rate (clamp, controller, or pump). The pres- 
sure measured at any flow rate (Pp) is sometimes called “back 
pressure. If pressures and flows are measured with great accuracy 
over a wide range of flows, distinct nonlinearity is observed. 1617 At 
the flow rates encountered here, nonlinearity is not significant. 

Figure 6 demonstrates that the pressure (Pp) at any given flow 
rate (F), with the example system, is the sum of the stopped pressure 
(Po), plus the resistive pressure (P es) arising from flow through the 
system. 


Pr = Po + Pres (1) 
Resistive pressure (Pes) arises from flow (F) and resistance (R): 
Pes = RF (2) 
The PFR is described by the simple equation 
Pp = Po + RF (3) 


The resistance for our example system is equal to the slope of the 
PFR (Fig. 7). Resistance is calculated by dividing the difference in 
pressures at any two flow rates by the difference in the flow rates: 


R = AP/AF (4) 
R = P/F (5) 
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Figure 6. PFR demonstrating the origins of Po, P,.,, and Pr. 


R = (Py — PoF (6) 


We can calculate the resistance in our example system by looking 
at the resistive pressure caused by a flow rate of 500 ml per hour. To 
simplify the units for resistance, flow is expressed in liters per hour. 
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Figure 7. PFR demonstrating resistance is the slope of the PFR. 
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In Figure 8, the resistance of the system is R = AP/AF = (Pp — 
Po)/F = (40 mm Hg — 10 mm Hg)/(0.500 L per hour) = 30 mm Hg/(0.5 
L per hour) = 60 mm Hg per L per hour = 60 resistive units. Resistive 
units (RU) are mm Hg per L per hour (Fig. 8). The units arise from 
dividing pressure (mm Hg) by flow (L per hour). These units refer to 
the slope of a line because the units describe the pressure rise ex- 
pected for each 1 L per hour increase in flow rate. 

In Figure 9, a volumetric pump replaces the roller clamp for rate 
regulation. Because the pump is a source of flow, the gravity head 
height is unimportant in this system; the pump draws fluid from the 
bag as needed to fulfill its volumetric pump cycle requirements. 
Therefore, the fluid column height is broken, showing it to be unre- 
lated to the pressures in the system downstream. 

As the pump drives the required flow through the system, pres- 
sure results because of resistance to flow from the downstream com- 
ponents. With the pump running at a flow rate of 200 ml per hour (Fig. 
9), the pressure (Pp) that results in the tubing beyond the pump is 22 
mm Hg. This pressure is equal to the pressure required to produce the 
same flow rate in our gravity flow example. This reinforces our earlier 
statement that the PFR for a single tubing-catheter-patient system will 
be the same regardless of the source of energy to move the fluid or of 
the type of device used to regulate flow. The term “back pressure” for 
Pp reminds us that Pp is the pressure that is produced when fluid is 
forced into the catheter and patient. In this forced-flow situation Py 
appears to come back from the patient. 

There is one commercial device that allows its pressure to be 


GRAPHIC REPRESENTATION OF 
PRESSURE / FLOW RELATIONSHIP 
MEASURED IN A TYPICAL PERIPHERAL VEIN 
WITH A 20G IV CATHETER 





Pressure (mm Hg) 


F:—-40 


AP 


100 200 300 400 500 


Resistance = Slope = =F 
f- Po 





Flow (ml/hr) 


40-10 _ 30 
500 
-60 





Figure 8. The PFR allows direct calculation of resistance. 
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Figure 9. Model and pressures observed for a volumetric pump with pressure 
monitoring capability (IVAC Model 560). P.,,, is displayed on the instrument's front 
panel. Bag height plays no role in pressure considerations with IV pumps. 


observed (Variable Pressure Volumetric Infusion Pump Model 560, 
IVAC Corporation, San Diego, CA). On the front panel of this instru- 
ment, the pressure used by the pump to achieve the set flow is dis- 
played continuously as Pun. This value is a direct measurement of Pp. 

In Figure 10, we observe in-line pressure when the pump is 
stopped and call this pressure P,,,,. This value is a measurement of 
the parameter representing the intercept of the PFR with the pressure 
axis, namely Py. When flow stops, if there is no obstruction in the vein 
or tubing, pressure equalizes between the pump and the patient’s 
heart, as we observed when we closed the roller clamp in the gravity 
system. Therefore, the pressure measured in the tubing or the vein 
would equal pressure in the heart, the central venous pressure 
(CVP). Using the measured P,,,,, and P,,,., we can construct the same 
pressure-flow line that we had before, using only two points (Fig. 11). 


rer = Pog + R F (7) 
We can then compute R and Po: 
= P ran P stop 
Po = stop (9) 


At F = 200 ml per hour, P, un was 22 mm Hg; and at zero flow, Pytop 
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Figure 10. Pop can be measured with the [VAC 560 by stopping flow and then 
pressing “READ PRESSURE” or by simply pressing “READ PRESSURE.” For an 
unobstructed vein, Pstop = CVP. 


was 10 mm Hg. Resistance may be calculated as R = AP/AF = (Pun 
— Poop /F = (22 — 10)/.200 = 12/.200 = 60 mm Hg per L per hour. 

In Figure 12, an automatic rate controller replaces the pump in 
the IV system. This controller regulates flow by mechanically varying 
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Figure 11. Two-point estimation of the PFR. 
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Figure 12. Model for and pressures observed with a variable resistance automatic 
controller, 


the resistance imposed on the tubing. Resistance is varied until drop 
rate is measured to be equal to that desired, and set on the instrument. 
This variable resistance controller can be thought of as the automated 
version of a clinician continuously adjusting the roller clamp trying to 
keep drop rate constant. At 200 ml per hour, the pressure drop across 
each resistor and at each location in the system is the same as it was 
in the gravity-powered infusion earlier. 

In this system, running pressure (P,,,,) cannot be measured or 
estimated by the instrument. Most resistance controllers do not at- 
tempt to display controller resistance, although two do have qualita- 
tive displays (Quest 1001, Abbott 1050). 

The automatic rate controller depicted in Figure 13 (IVAC Model 
230) regulates flow using a different principle; it modifies effective 
bag height (that is, effective pressure). With reference to the gravity 
head pressure, the pulsating pincer-anvil mechanism interrupts the 
pressure for a fraction of the total time, termed its “duty cycle.” This 
“duty-cycle modulation” produces an effective pressure that is equal 
to the gravity head height times the fraction of the time the tubing is 
open. The fraction in turn is regulated by software plus flow data fed 
back from the flow sensor. During each moment when the pincer 
mechanism is open, flow occurs impeded only by tubing, catheter, 
and patient effects. Flow ceases when the pincer closes, only to re- 
open and allow flow just before the next drop is due. As patient re- 
sistance changes, the controller adjusts the fraction of time open ver- 
sus closed. Adjustment of the effective pressure is reflected in the 
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Figure 13. Model for and average pressures observed with a variable pressure 
automatic controller. 


flow status light indicator panel, affording a means to monitor Py 
qualitatively. 

The aspect of reducing effective head height to some fraction of 
what might be expected from measuring the bottle height has advan- 
tages and disadvantages. Advantages include sensitivity to changes in 
patient resistance and less pressure available to force fluid into infil- 
trated tissues. A disadvantage is excess sensitivity to pressure arti- 
facts. Of course, the bag height may be raised to decrease sensitivity 
or lowered to customize the head height for optimal flow status mon- 
itoring. 


EXTRAVASATION (INFILTRATION) AND THE 
PRESSURE-FLOW RELATIONSHIP 


Figure 14 shows a continuous plot of the expected running pres- 
sure (P un) versus time, during infiltration at a low flow rate in an adult 
forearm cannula site. We notice that the pressure level before infil- 
tration is in the 10 to 20 mm Hg range and that a dip in P,,,,, occurs as 
the catheter tip finds its way outside the vein. This is because the 
pressure in the tissue surrounding the vein is lower than pressure in 
the vein.’* If it were not, the tissue would compress and collapse the 
vein. Simultaneously with the fall in Py at the time of infiltration, Po 
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OBSERVATIONS DURING INFILTRATION 


Pressure Rise Is Quite Small, Especially 
with a Low IV Flow Rate 





Pressure {mm Hg} 


Resistance Rises Dramatically with Infiltration 





Infiltration 


Figure 14. Pressures observed during sudden extravascular movement of an IV 
catheter. 


falls. The fall in Py is greater than the fall in Pp, so the resistive 
pressure, Pes = Py — Po, rises. 

As infusate begins to collect in the tissues, a small additional rise 
in P,,, may be evident as well as a similar rise in P,,,,, or Pg. It must 
be noted that at the time of infiltration and for some time thereafter 
(when not much fluid has yet been infused into tissues), the change in 
Pan is small. This is the limitation of attempting to monitor the IV site 
by only monitoring pressure. 

Following the same time course of events, however, we can see 
that resistance rises dramatically on infiltration (Fig. 14). This is be- 
cause AP = Paes = Py — Po increases while AF remains fixed. R = 
AP/AF thus reflects the rise in AP as a rise in resistance. In many 
patients, the slope of the PFR is changed by a factor of 5 to 20 times 
when the catheter is extravascular. The large magnitude of this 
change gives resistance much better promise for detecting infiltration 
than does pressure rise. 

Figure 15 shows the PFR in a normal vein and in an infiltration. 
Initially, the catheter is located in the vein (15A) and P,,,, = 22 mm 
Hg, Poop = 10 mm Hg, F = 0.2 L per hour, and R = 60 mm Hg per 
L per hour. Later, the catheter extravasates and P,,,,, rises to 50 mm Hg 
at a flow of 200 ml per hour; R = 200. In this case, P,,,,, did not exceed 
even the low level of 50 mm Hg. The feature to note is the difference 
in slope of the two lines. Such an increase in slope of the PFR appears 
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PRESSURE / FLOW RELATIONSHIPS FOR 
NORMAL (IV) AND INFILTRATED TISSUES 
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Figure 15. PFR for a normal IV site (A) and infiltrated IV site (B). 


to be characteristic of most infiltrations. It is interesting to note that at 
the low flow rates to the left side of the graph, while the pressure rise 
would be small, the change in resistance (slope) would be just as large 
as at higher rates, but because of the low pressure difference involved, 
it would be more difficult to measure it accurately. 

Resistances have been determined for a number of common IV 
devices and infusion system components (Fig. 16).147615 Standard 
bore tubing is noted to have minimal resistance (4 mm Hg per L per 
hour). It will thus have a minimal effect on the system resistance 
despite it length. Microbore tubing has a resistance near that of larger 
bore catheters but still far below that of small bore (high number) 
catheters. Vein resistance is quite low, as well. On the other hand, 
resistances noted during infiltration are far above the range of mea- 
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Figure 16. Resistances observed in IV system components and patient veins and 
tissues. 


sured IV system components and veins. In a series of 55 subjects, 
mean vein resistance was 22 mm Hg per L per hour while mean tissue 
(infiltration) resistance was 1125 mm Hg per L per hour. Figure 17 
shows the distribution of these resistances. !° 

As fluid is infused into extravascular tissues, a rise in Py is seen as 
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Figure 17. The distribution of vein and tissue resistance from 55 subjects.!% 
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fluid accumulates in a relatively confined space. The rise in Po is onen 
less than that observed with normal hand elevation. ' 

Much of the data on resistances of IV system apone was 
collected by counting drops, and using a roller clamp and manometer. 
While this method was cumbersome and crude, it'worked. Today 
portions of this data could be duplicated comparatively quiekly using 
the IVAC Model 560 pump as a test fixture. 


OBSTRUCTIONS AND THE 
PRESSURE-FLOW RELATIONSHIP 


It was previously mentioned that Pstop = Po = CVP when the 
fluid path (tubing, catheter, and vein) is not obstructed. An obstruc- 
tion in the fluid path will cause Po to rise. A dam (Fig. 18) is a good 
analogy to help understand this phenomenon. 

When the fluid height behind the dam is lower than the top of the 
dam, no flow occurs downstream. Regardless of the pressure that 
builds behind the dam, flow remains zero until the fluid level builds 
to equal and exceed dam height. At that point, flow occurs with neg- 
ligible resistance. In fact, the quantity of fluid that passes over the 
oa is only limited by the amount that continues to enter the reservoir 
above. 

Resistance does not increase while the reservoir level rises. The 
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Figure 18. A dam exemplifies obstruction to fluid flow. 
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dam prevents flow completely, and resistance does not manifest un- 
less there is flow. The dam fully obstructs flow until the fluid pressure 
rises to equal the height (pressure) of the obstruction. During the 
filling period, pressure rises despite no flow. This elevation in Pg is 
characteristic of an obstruction. The effect on the PFR can be ob- 
served in Figure 18 as an upward shift (that is, elevated Pẹ with no 
change in slope [resistance, R]). 

Vascular obstructions were first described by Knowlton and 
Starling,’ who used a collapsible thin-walled rubber tube to produce 
constant back-pressure (that is, afterload) in his classic studies of heart 
failure. Although he claimed to control resistance with his device, in 
fact, he produced constant pressure afterload with his “Starling 
resistor.” Since that time, collapsible rubber tubes have been studied 
and reviewed!®?% extensively. The fact that veins collapse 
completely? !°4 makes their behavior quite simple. 

A Starling resistor is a conduit that is capable of collapse. Collapse 
occurs when external pressure (Pox) exceeds internal pressure at the 
outlet. This occurs under two conditions. If the IV site is elevated 
above the heart, internal pressure decreases relative to external pres- 
sure. Alternatively, if a tourniquet or blood pressure cuff is applied 
between the catheter and the patient’s heart, external pressure in- 
creases relative to internal pressure. In either case, flow rate becomes 
independent of outlet pressure and is determined solely by the dif- 
ference between inlet pressure and external pressure.!® 

Several common clinical events behave as obstructions (Fig. 19). 
A partly inflated blood pressure cuff left on a patient’s arm applies a 
pressure that compresses the arm tissues including the veins within. 
If tissue pressure is 40 mm Hg, the pressure within the veins must rise 
to equal this value before the veins will be forced open by fluid and 
flow can resume. In this case, the Pp (that is, P,,,,,) measured will be 


COMMON NATURALLY OCCURRING CLINICAL OBSTRUCTIONS 
A Partly Inflated Biood Pressure Cuff 







BP Cuff 


If Pucw £ Pourr = Obstructed 
p = P = P 


STOP OBSTRUCTION CUFF 


Pressure 
Poure = 40 


Psrop = Pours 
Pours = 20 


wore ar 
pe ei 
-m m = 
— 
—_— a 


Fiow 


Figure 19. A partly inflated blood pressure cuff is a common clinical obstruction. 
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elevated to approximately the cuff pressure. Po (that is, Poop) will be 
elevated to approximately this value as well. Fo clearly will not equal 
CVP; rather, it equals P. g (more generally, Poxt or Poko representing 
external pressure and obstructing pressure). Despite physical appli- 
cation of a blood pressure cuff, the resistance in the system will be 
changed little if at all from its low, unobstructed value.” 

Another common obstruction appears to be the catheter tip 
against the vein wall (Fig. 20). When this occurs, the tip of the catheter 
becomes positioned so that the vein wall becomes the obstruction, 
and the tiny cross-sectional area blocked can easily generate large 
obstructing pressures of Pona = 70 to 80 mm Hg. 

Vein pathology (edematous vein wall, phlebitis, venospasm) can 
also create an obstruction as pictured, and will cause a corresponding 
elevation in Po (Fig. 20). It is possible that resistance may rise as well. 

As a technical note, we must ensure that the pressure measuring 
device (pump or transducer) is properly aligned with the reference 
level (right atrium) for P, to be interpretable. This alignment problem 
is eliminated when monitoring resistance, since the hydrostatic error 
term disappears when the difference between two pressures (AP) is 
computed. 

Figure 2] summarizes the PFRs discussed so far. In all four 
graphs, the PFR describing infusion pressures in the normal vein has 
a low slope (R) and its intercept with the zero-flow axis (Po) is central 
venous pressure (CVP). When the same catheter is located in infil- 
trated tissues, the resistance (slope) rises dramatically. When the vein, 
catheter, or tubing become partly obstructed, Py rises and resistance 
remains unchanged. 
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Figure 21. PFR for a normal vein and the complications of infiltration and ob- 
struction. 


MONITORING THE INTRAVENOUS SITE WITH 
COMMERCIALLY AVAILABLE CONTROLLERS AND PUMPS 


When either infiltration or obstruction occurs, running pressure 
displayed (Pun) may be elevated. However, Pun can have the same 
value in both clinical conditions. The relationship between P,,,,, with 
obstruction and with infiltration depends on the infusion rate em- 
ployed (Fig. 21). Obtaining P,,,,, will usually distinguish between the 
two conditions. If P,,,,, has not changed from its earlier value while 
Pun has risen, we know that the slope of the graph (R = AP/AF) had 
to increase, indicating likely infiltration. But if P,,,,, has risen the same 
amount as P „n we know the slope of the graph (resistance) has not 
changed, and obstruction is the likely problem. Obstructed sites may 
be recovered, while infiltrated sites probably cannot be, and may 
require immediate treatment. 

The chief importance of distinguishing between an obstruction 
and an infiltration is the intervention that may be indicated. The nurse 
can often discover a tubing kink hidden under the covers, or manip- 
ulate the catheter to relieve an obstruction and recover the IV site. 
With an infiltration, however, the IV site is almost always lost. In most 
infiltrations, elevation of the site and application of heat to encourage 
absorption of the infiltrated fluid is recommended. With infiltration of 
some potent drugs, injection of neutralizing solutions may be indi- 
cated. Rarely (for example, Adriamycin), the tissue into which the 
drug has extravasated should be removed surgically as soon as dis- 
covered to prevent its spread through adjoining tissue and thereby 
avoid widening necrosis.* Both controllers and pumps have the po- 
tential to monitor the IV site, as long as they monitor the specific 


MONITORING INTRAVENOUS INFUSION AND THE VENOUS CIRCULATION 885 


variable they do not control. That is, controllers or pumps that control 
flow must monitor pressure or resistance, or preferably both. 


AUTOMATIC INTRAVENOUS CONTROLLERS 


From the perspective of IV site monitoring, the disadvantage of 
the controller versus the pump is that the current controllers cannot 
measure Py. Without a second F,P pair, it is impossible to calculate 
resistance or plot the PFR in an effort to distinguish between infiltra- 
tions and obstructions. Nonetheless, the pressure-monitoring control- 
ler can be a useful tool for IV site protection. Once the controller 
alarm sounds or the flow status lights indicate a rise in either patient 
pressure or resistance, visual inspection of the site and circumstances 
will often lead the nurse or physician to correctly discern whether or 
not the problem is an infiltrated catheter and extravasated drugs. 
However, if the problem is not obvious, the flow status indicator may 
be observed while the catheter is manipulated to see if a positional 
catheter tip can be identified and relieved. If the flow status indicator 
cannot be returned to the normal range by manipulating the catheter, 
most likely the problem is infiltration. 


AUTOMATIC INTRAVENOUS PUMPS 


With a pressure monitoring pump (that is, [VAC Model 560), the 
technique for measuring resistance is simple: start the infusion at the 
desired flow rate, F; read Paun; read Potopi compute R = (Pay ~ 
Petop/F; and use Po = Pytop- 

The value for R and Py may be obtained each time the IV site is 
routinely checked or when a patient complains of IV site pain. Track- 
ing these values involves developing a simple written record that 
additionally assists in the calculations (Fig. 22). 

Monitoring R and P, during purposeful manipulations of the can- 
nula often provides useful information to assist clinical management. 
Clearly, automatically computing R each time a button is pressed to 
stop flow would be a simple but useful feature in a commercial in- 
strument. Continuous monitoring of resistance and other variables 
could follow. 


PLACING AVAILABLE TECHNOLOGY IN PERSPECTIVE 


Infusion pumps and controllers can be considered on a sliding 
scale that evaluates their capability to provide site monitoring assis- 
tance to the clinician. We have traditionally thought of pumps and 
controllers as quite different from one another in this regard. Pumps 
were considered dangerous while controllers were judged safe. This 
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deduction was based on evidence that pumps can force infusate into 
tissues outside the vein combined with the thought that extravascular 
tissue would prove sufficient to stop a gravity infusion regulated by an 
automated controller, and call the nurse to the bedside. 

In the late 1970s and early 1980s, most manufacturers lowered 
pump output pressure limits to an arbitrary 10 or 15 psi from the 25 psi 
or greater limits of earlier models. This recognized that infusion 
pumps were being used on peripheral lines and for the infusion of 
drugs that were potentially necrotic if infiltrated. The pumps had a 
single, fixed pressure alarm limit, and the response times of the alarms 
were quite variable. While there was no information to support it, the 
notion evolved that a 10 psi limit was “safe.” In fact, this pressure is 
many times greater than naturally observed physiologic pressures 
(Fig. 23). Such pumps can infuse significant volume without alarm, 
until gross clinical infiltration in finally evident. 

More recently, several manufacturers have offered pumps with 
two or more selectable pressure alarm limits, typically with one in the 
4 to 5 psi range and one in the 10 to 15 psi range for clinical situations 
requiring higher pressure. While advertised as “variable pressure 
pumps” or “pump/controllers,” these products do not all work in the 
same way or provide the same benefits. 

Presumably, one aspect of IV site monitoring is an alarm that calls 
the nurse to the bedside whenever the (albeit relatively sensitive) 
alarm limit is exceeded, indicating that a previously running IV has 
encountered significant resistance or obstructing pressure. 

Currently, a pressure-monitoring volumetric pump provides mea- 
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PRESSURES IN IV THERAPY 
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Figure 23. Pressures observed in IV therapy. 


surements that offer insight into events at the catheter tip. It does so 
by providing direct data from which to calculate resistance as a more 
definite indicator of infiltration or other site problem. This capability 
provides an enhanced level of IV site monitoring and has the poten- 
tial to reduce complications of IV therapy. 


SUMMARY 


This is an exciting time for IV therapy. Use of the IV route of ad- 
ministration continues to increase as patient acuity in today’s hospi- 
tals increases. IV therapy is not without risks, however, and a fuller 
understanding of the physical principles employed could help clini- 
cians to reduce the incidence and severity of injuries resulting from 
drug extravasation (that is, tissue infiltration) and separate this dan- 
gerous phenomenon from less serious partial vein obstruction. 

This article summarizes a new conceptual model that can be dem- 
onstrated and used by making simple measurements during IV ther- 
apy. The model and technique employ an infusion pump that mea- 
sures pressure, allowing the user to manually calculate resistance to 
fluid flow. Observing a rise in resistance at the IV site is an early 
indicator of undesirable changes at the catheter tip (that is, drug ex- 
travasation, catheter infiltration), even before the effect of these 
changes is visible or palpable on inspection of the IV site. 

Using insights obtained from the model, we observe that a prop- 
erly used pressure-monitoring pump can detect resistance and ob- 
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struction to flow and differentiate between them. Also, it appears that 
suboptimal location of the catheter tip can be detected, and CVP can 
sometimes be measured from a peripheral IV site. 

Requirements for “instrument-assisted IV site monitoring” are (1) 
a flow source (IV pump), (2) a pressure monitoring system (transducer 
with pressure readout), and (3) the ability to analyze the PFR. This 
can be done most simply by measuring pressure at two or more flow 
rates and calculating Po and R, the intercept and slope of the pressure 
versus flow graph. PFR analysis (computing R and Po) is subject to 
electronic software programming and could easily be added to the 
software of existing pressure-monitoring infusion instruments to pro- 
vide intermittent IV site evaluation. If R and Py monitoring were 
performed continuously and automatically, infiltration and obstruc- 
tion could be detected and diagnosed. The quality of IV infusion, 
protected by site monitoring, would be enhanced significantly. This 
development could establish a new standard for IV site care. 
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The Physiologic Basis of 
Cardiovascular Monitoring 
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Anesthesiologists often characterize themselves as clinical phar- 
macologists to the operating room and intensive care area.”° Is phar- 
macologic manipulation really the principal activity of the anesthesi- 
ologist? When one reflects on or observes what an anesthesiologist 
does, the resounding answer is no! Anesthesiologists are clinical 
physiologists who act as monitors. Before a single drug is adminis- 
tered, a preoperative evaluation is completed. Before induction of the 
anesthetic state, a baseline set of physiologic measurements are re- 
corded. Before the surgeon is permitted to start the operative proce- 
dure and throughout the entire surgical manipulation, maintenance of 
the anesthetized patient is guided by monitoring that either reaffirms 
the current anesthetic regimen or prescribes a new one. Anesthetic 
practice, therefore, allows the fundamental principles of medical prac- 
tice, namely diagnosis or assessment (monitoring) first, followed by 
therapy and assessment of therapeutic effect (continued monitoring). 

Monitoring of the patient’s cardiovascular system is of prime im- 
portance to the anesthesiologist. This begins in the preoperative pe- 
riod and continues through the operative, transport, and postoperative 
phases. Evaluation of perfusion is the ultimate aim of cardiovascular 
monitoring. In its broadest sense, perfusion is the delivery of O, to 
tissues in sufficient quantity to meet metabolic needs and is a reflec- 
tion of total body O, requirements. When monitoring indicates inad- 
equate systemic perfusion, hypoxemia and anaerobic metabolism may 
be present with resultant acidosis, possibly leading to the clinical 
state of shock. Shock may be defined as an acute clinical syndrome 
initiated by hypoperfusion and severe organ dysfunction vital to 
survival.” Perfusion can also be viewed in the context of regional O, 
delivery. Insufficient myocardial O, supply, for example, precipitates 
a cascade of pathophysiologic events for which specific monitoring 
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techniques are employed. These may manifest as ischemia (electro- 
cardiogram ST-segment changes), pulmonary vascular congestion (el- 
evated pulmonary capillary wedge pressure), and reduced cardiac 
output (CO). 

Understanding the concept that physiologic cardiovascular mon- 
itoring is designed to assess total body and regional organ or tissue 
perfusion is key to appropriate use of these monitors. It is the authors’ 
intent not to detail every cardiovascular monitor in existence, but 
rather to explore several monitoring methods so that the reader can 
understand the physiologic concepts and apply these principles in 
other situations not described. 


MYOCARDIAL MUSCLE MECHANICS 


Much of our understanding of cardiac function comes from the 
study of the isolated papillary muscle preparation (Fig. 1). This ex- 
perimental apparatus consists of a vertically mounted papillary mus- 
cle preparation, the lower end of which is attached to a strain gauge. 
The upper end is connected to one arm of a lever, with weight at- 
tached to the other arm. Resting tension or preload is determined by 
the amount of weight suspended from the arm. As weight is increased, 
muscle fiber length and thus preload increases. A vertical stop is then 
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Figure 1. Schematic drawing of isolated papillary muscle preparation. The 
weight-producing preload stretching force, and the additional weight-producing after- 
load are shown. The vertically moving stop preventing additional stretch by the after- 
load weight is shown. (From Barash PG, Kopriva CJ: Cardiac pump function and how 
to monitor it. In Thomas SJ [ed]: Manual of Cardiac Anesthesia. New York, Churchill 
Livingstone, 1984, pp 1-34; with permission.) 
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placed on the muscle side of the lever so that additional weight may 
be added to the stack without changing preload. This additional load 
is not experienced by the muscle until shortening begins and is there- 
fore termed afterload.” Determinants of papillary muscle function are 
analogous to the determinants of myocardial performance in the intact 
heart. 


PHASES OF MYOCARDIAL CONTRACTION 


Myocardial contraction may be divided into three distinct phases’ 
(Fig. 2): 

1. The resting phase occurs prior to muscle stimulation, with the 
muscle exhibiting a resting length determined by the preload weight. 

2, The isometric contraction (constant length) phase begins with 
muscle stimulation, with tension developing without a concomitant 
change in muscle length. Developed tension depends on resting my- 
ocardial fiber length and contractile plotting length versus active ten- 
sion allows a length active-tension curve to be constructed. 
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Figure 2. The three phases of myocardial contraction: resting (A), isometric (B), 
and isotonic (C). B is an instant during active isometric contraction and C is an instant 
length and muscle velocity equals CE velocity. Al = change in length, CE = contrac- 
tile element, SE = series element, PE = parallel element. (From Barash PG, Kopriva 
C}: Cardiac pump function and how to monitor it. In Thomas SJ (ed): Manual of Cardiac 
Anesthesia. New York, Churchill Livingstone, 1984, pp 1-34 ; with permission.) 
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3. In the isotonic contraction (constant tension) phase, muscle 
shortening occurs at a constant developed muscle tension equal to the 
sum of preload and afterload. Isotonic contractions require four vari- 
ables to define mechanical function: force (tension), instantaneous 
length, time after activation, and shortening velocity (rate). 


Contractility Models 


Hill (1938) working with skeletal muscle, proposed the active 
state model for studying the contraction process. This model was com- 
posed of two elements: the contractile element (CE) and the series 
elastic element (SE). Basic differences exist between skeletal and 
cardiac muscle, including resting tension and transition from resting 
state to full contractile activity,’ that make applicability of this model 
to myocardial cells difficult. In an attempt to describe myocardial 
contractility two additional models have been proposed, the Maxwell 
and Voight models. These have added a third or parallel elastic ele- 
ment (PE), either in parallel (Maxwell) or in series (Voight) with the 
series element. In the preferred muscle model for estimating total 
cardiac muscle elasticity, that by Maxwell, the contractile element 
manifests its force externally by shortening against a passive series 
elastic element. During isometric contractions, stretch of the SE al- 
lows the CE to develop its maximum force without changing muscle 
length. During isotonic contraction the CE develops tension while 
the length of the SE remains constant. Thus, muscle velocity equals 
contractile element velocity. The PE, in parallel with the SE, ac- 
counts for the significant resting tension found in cardiac muscle. The 
PE is probably connective tissue, acting to prevent overstretch of 
cardiac muscle during diastole. 


Force Velocity Curve 


Understanding the contractility model allows one to construct a 
force-velocity curve, perhaps the gold standard for characterizing my- 
ocardial function. The papillary muscle preparation may be used to 
construct such a curve. The curve is generated by plotting weight 
against shortening velocity. For each weight or load, two curves may 
be constructed: one describing the force (tension) time course and the 
other the length (shortening) time course (Fig. 3). Thus, the resting 
muscle tension and the rate of rise and peak tension measured on 
stimulation of the muscle are all greater when the weight stretches the 
muscle as compared with the unstretched muscle. However, the time 
to peak tension is unchanged. As the initial muscle length is stretched 
by the preload, the work of the muscle is increased. 


MONITORING THE HEART AS A PUMP 


The prime function of the heart is to pump oxygenated blood in 
sufficient quantity to meet the body’s metabolic demands. Adequate 
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Figure 3. Simultaneous recording of tension and shortening for a contraction 
against an afterload. Tension development begins after onset of stimulation once ten- 
sion equals load shortening begins a maximal rate amount of muscle shortening equals 
distance the load is moved. (From Barash PG, Kopriva CJ: Cardiac pump function and 
how to monitor it. In Thomas SJ (ed): Manual of Cardiac Anesthesia. New York, 
Churchill Livingstone, 1984, pp 1-34; with permission.) 


pumping function depends on rhythmic, synchronized, and forceful 
contraction of the cardiac muscle. Put into physiologic terms, the 
pumping function of the heart depends on (1) heart rate, (2) preload, 
(3) afterload, and (4) contractility. 


Heart Rate 


Heart rate defines the number of times per minute the heart con- 
tracts. Heart rate is under intrinsic, as well as neural and humoral 
control. Half a century ago, Rosenblueth and Simeone’ performed 
quantitative studies of cardiac parasympathetic-sympathetic interac- 
tions. Normally, sinus node pacemaker cells initiate cardiac activa- 
tion. An action potential is generated and conducted to atrial myocar- 
dium across the atrioventricular node, through the bundle of His, 
bundle branches, and Purkinje fibers and into ventricular myocar- 
dium. It is known that sinoatrial nodal tissue is usually under the tonic 
influence of both the sympathetic and parasympathetic divisions of 
the autonomic nervous system. That these two systems interact has 
been shown by Levy.’ He found that the heart’s response to a given 
level of vagal stimulation varied substantially with the existent level 
of sympathetic activity. Normal resting individuals have a low tonic 
level of sympathetic activity. Sympathetic nervous system activity en- 
hances myocardial performance. This is mediated via norepinephrine 
and other catecholamines that interact with cardiac cell membrane 
beta adrenergic receptors. This interaction activates adenylate cy- 
clase, which leads to elevated levels of cyclic AMP intracellularly. 
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This second messenger activates protein kinases, causing protein 
phosphorylation and releases of calcium. Intracellular calcium is re- 
leased and binds to the protein troponin. This complex then interacts 
with tropomyosin allowing actin and myosin to crosslink, ultimately 
leading to myofibril contraction and tension development.” 

Heart rate is a primary determinant of both myocardial O, de- 
mand and supply. Myocardial O, consumption is directly dependent 
on heart rate. In the left ventricle, the greatest proportion of coronary 
blood flow occurs during diastole. In the subendocardial region the 
majority of flow occurs during diastole. Therefore, subendocardial 
blood flow is particularly vulnerable to the shortened diastolic period 
associated with tachycardia. Normally, myocardial O, demand and 
supply are closely matched. Myocardial ischemia develops as a result 
of an imbalance between O, supply and consumption at the cellular 
level. Monitoring electrical events via electrocardiography may detect 
ischemia manifesting as ST-segment and T-wave changes. 

Effective forward CO depends on coordinated pumping of the 
atria and ventricles. Loss of the atrial contribution (“atrial kick’’) to 
ventricular filling can result in a 20 per cent or greater decrease in CO. 
EKG monitoring indicates the loss of atrial contribution by the ab- 
sence of P waves, providing an explanation for decreases in BP and 
CO. Dysrhythmias may impact on perfusion by disrupting the nor- 
mally coordinated contraction sequence between atria and ventricles. 
When the atria and ventricles contract independently of each other, 
the ventricles filling may decrease, also leading to decreases in CO. 
ECG monitoring indicates the presence of a dysrhythmia, and corre- 
lated with hemodynamic monitoring, indicates the clinical signifi- 
cance of the electrical disturbance. 


Preload 


Otto Frank (1895) and Ernest Starling (1914) contributed to our 
understanding of perfusion by describing the relationship between 
ventricular end-diastolic volume and CO. A direct relationship exists 
between these two variables within the normal range of ventricular 
volume and stretch of ventricular muscle. Given constant heart rate, 
afterload, and contractility, Starling observed that an increase in ven- 
tricular volume or preload resulted in CO.'° 

In his Linacre lecture on the “Law of the Heart” delivered in 
1915, Starling stated that “the law of the heart” is the same as the law 
of muscle tissue generally, that the energy of contraction, however 
measured, is a function of the length of the muscle fibers prior to 
contraction.!® 

In the intact heart, preload may be defined as the end-diastolic 
myocardial fiber length prior to contraction. The preload “weight” or 
stretch of the cardiac muscle is equivalent to ventricular end-diastolic 
volume. Ideally, cardiovascular monitoring should measure ventricu- 
lar volume. In the cardiac catheterization laboratory, ventricular vol- 
ume can be measured using contrast angiography. Such measure- 
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ments are merely “snapshots” of ventricular filling at one point in 
time and are not suited to continually monitoring ventricular volume. 
During the perioperative period, however, hemodynamics change fre- 
quently, requiring continual ventricular volume monitoring. In this 
situation, pressure estimates of preload are the measurements used 
most often. 

One example of a pressure estimate of ventricular filling is the 
measurement of pulmonary capillary wedge pressure (PCWP) with 
the pulmonary artery catheter.!° The basis for pulmonary artery cath- 
eter monitoring is twofold. First, during diastole with the mitral valve 
open, the left ventricular chamber is in open communication with the 
left atrium. The left atrial pressure is accurately measured by trans- 
ducing the pressure distal to the catheter tip, with the inflated balloon 
occluding pulmonary artery blood flow (PCWP). Second, within the 
clinical range of ventricular volumes (in the absence of myocardial 
ischemia), as preloaded or filling volume increases, ventricular cavi- 
tary pressure increases in almost linear fashion. The inference, there- 
fore, is that a measured increase in PCWP is indictative ofan increase 
in left ventricular end-diastolic pressure (LVEDP), which is in turn 
indicative of an increase in left ventricular end-diastolic volume 
(LVEDV). These relationships are valid provided that ventricular 
compliance is constant, mitral valve function is normal, and that air- 
way pressure is not elevated. 


Afterload 


In the intact heart, afterload may be defined as the external factors 
that oppose muscle fiber shortening.” As afterload increases, muscle 
tension must increase in order to achieve shortening, and in the intact 
heart, ejection of blood from the intact ventricle. Clinically, afterload 
is the force resisting muscle shortening during myocardial contrac- 
tion. Afterload is determined by factors related to the peripheral cir- 
culation and to the ventricular chamber itself. The latter is described 
by the law of LaPlace: 


Pr 
2h 


when T is ventricular wall tension, P is chamber pressure, r repre- 
sents radius, and h represents wall thickness. Afterload is closely 
linked to aortic impedance, the sum of external factors opposing ven- 
tricular ejection. It may be expressed as a ratio of aortic pressure to 
flow. As aortic impedance is increased, for example, elevated blood 
pressure, or increased blood viscosity left ventricular afterload is in- 
creased and stroke volume declines.‘ Afterload is assessed by mea- 
surement of BP or by calculation of systemic vascular resistance (SVR) 
as derived from measurement of CO. Measuring a patient’s blood 
pressure is a mainstay of circulatory monitoring during anesthesia or 
in the intensive care setting. When first proposed by Cushing, how- 
ever, the implied value of BP monitoring was as an indicator of the 
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CO. When it is important to assess peripheral or pulmonary vascular 
resistances, CO can be measured by a variety of methods, and resis- 
tance derived mathematically. Why is it necessary to monitor both 
afterload and preload? The hemodynamic (pumping) work of the car- 
diac muscle is directly related to the “loads” placed on it. Addition- 
ally, both afterload and preload are determinants of myocardial oxy- 
gen demand.°® In order to appreciate this concept, two hypothetical 
situations may be considered as they relate to the wall tension and 
external work contributions to myocardial oxygen demand. 

For the first situation, imagine a heart of normal adult size, which 
contains a given left ventricular volume. The heart is pumping against 
an outflow pressure (resistance). The volume within the heart is then 
doubled while the outflow pressure remains constant. This heart will 
consume more O, as it ejects a greater volume. In the second example, 
imagine again a heart of normal adult size containing a given left 
ventricular volume and pumping against a constant pressure. This 
heart is now subjected to a 50 per cent increase in outflow pressure 
while the left ventricular volume remains constant. Again, this left 
ventricle will consume more Og as it contracts against greater pres- 
sure. 


Contractility 


The fourth and final determinant of ventricular performance is 
contractility. The definition of contractility has been the subject of a 
great deal of research and debate. It may be defined as the ability of 
muscle to develop increased tension independent of loading condi- 
tions. Contractility is a fundamental property of cardiac muscle and is 
dependent on the degree of actin-myosin crossbridge formation.? A 
number of indices and measurements have been proposed for quan- 
tifying myocardial contractility. These may be divided into isovolu- 
metric phase and ejection phase indices.* Isovolumetric phase indices 
include the maximum velocity of shortening of unloaded contractile 
elements (Vmax) and peak rate of rise of ventricular pressure (maxi- 
mum dP/dt), while ejection phase indices include ejection fraction, 
fractional shortening of ventricular myocardium (FS), and velocity of 
circumferential fiber shortening (V,,) at peak wall stress. Isovolumet- 
ric indices are of little value in determining basal contractility levels. 
However, they are useful in determining acute directional changes.* 
V nax appears not to be affected by preload or afterload but is sensitive 
to inotropic stimuli.” Maximum dP/dt as a measure of contractility is 
based on the view that a fundamental property of contracting myocar- 
dium is the rate at which ventricular pressure is developed. Maximum 
dP/dt may be affected by increases in preload, afterload, and heart 
rate. 

Ejection fraction is defined as stroke volume divided by end- 
diastolic volume./! While frequently useful, the ejection fraction 
value may be affected by several factors other than contractility. For 
example, afterload and less often preload may affect ejection fraction. 
However, the ejection phase indices may be helpful in assessing basal 


THE PHYSIOLOGIC BASIS OF CARDIOVASCULAR MONITORING 899 


contractility.* Fractional shortening, a correlate of ejection fraction, is 
a comparison between a dimensional change of the left ventricle dur- 
ing systole and its diastolic value.1° Mean velocity of circumferential 
fiber shortening is derived noninvasively. It incorporates a time di- 
mension and as such may be more sensitive than the ejection fraction 
in detecting contractility changes. 


PRESSURE-VOLUME RELATIONSHIP 


Conceptually, left ventricular performance may be examined by 
constructing a pressure-volume loop.” Such pressure-volume loops 
relate ventricular chamber size to instantaneous intracavitary ventric- 
ular pressures measured throughout the cardiac cycle. To quantify 
ventricular chamber dimensions, angiography, echocardiography, ra- 
dionuclide ventriculography, gated computerized tomogra phic scan- 
ning, and magnetic resonance imaging may be employed.*' No time 
element is plotted in the loop. Four phases make up the cardiac cycle 
(Fig. 4). Phase I is that of diastolic filling and takes place from point D 
to A. A slight decrease in ventricular pressure occurs and is due to 
ventricular relaxation and distensibility. Closer to point A there is an 
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Figure 4. Pressure-volume loop of the left ventricle for one cardiac cycle (D A B 
C). Note the slight decrease in ventricular pressure occurring in phase I owing to 
ventricular relaxation and distensibility. Stroke volume is the difference between ven- 
tricular volume at end-diastole and end-systole. (From Barash PG, Kopriva CJ: Cardiac 
pump function and how to monitor it. In Thomas SJ (ed): Manual of Cardiac Anesthesia. 
New York, Churchill Livingstone, 1984, pp 1-34; with permission.) 
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increase in ventricular pressure as ventricular filling continues. This 
gives the final LVEDP and LVEDV. At point A the mitral valve 
closes. Phase II, from point A to B, is the period of isovolumic con- 
traction. A significant pressure increase occurs with no concomitant 
rise in volume. This phase corresponds to isometric contraction in the 
isolated papillary muscle preparation. At point B the aortic valve 
opens. Phase III represents systolic ejection, with both rapid and 
reduced ejection components as one proceeds from point B to C. This 
phase is similar to isotonic contraction of the papillary muscle prep- 
aration, but is said to be auxotonic,' the difference being that ventric- 
ular contraction occurs against a varying afterload as opposed to the 
constant afterload of an isotonic contraction. At the end of this phase 
the aortic valve closes. The fourth and final phase is isovolumic re- 
laxation, during which a pressure drop occurs unaccompanied by a 
volume change. The mitral valve opens at the end of this phase, com- 
pleting the cardiac cycle. 

Analysis of the boundaries of the pressure-volume loop provides 
insight into left ventricular pump function and work performed. The 
area within the pressure-volume loop is the stroke work of the ven- 
tricle. On the volume axis the loop’s width represents stroke volume, 
or end-diastolic minus end-systolic volume. On the ordinate, the 
loop’s height represents its pulse pressure minus mean left ventricu- 
lar diastolic pressure minus mean left ventricular systolic pressure. It 
is possible to use pressure-volume loops obtained at different pre- 
loads and afterloads to describe the contractile state of the ventricle. 
Suga et al and Sagawa,'*!” using a canine model described the iso- 
volumic pressure line, made by connecting end-systolic points of 
loops made at different preloads and afterloads. End-systolic fiber 
length varies inversely with afterload. In the intact heart a relation- 
ship exists between end-systolic volume and end-systolic pressure, 
the former varying inversely and the latter, directly with contractility. 
The slope of the line relating end-systolic volume to end-systolic pres- 
sure defines contractility? (Fig. 5). The end-systolic pressure-volume 
relation may help differentiate poorly contracting ventricles from nor- 
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Figure 5. Schematic dia- 
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sure-volume relation (ESPVR). 
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Figure 6. Ventricular 
function curves illustrating nor- 
mal, enhanced, and comprised 
contractility. LVEDP = left 
ventricular end-diastolic pres- 
sure, LAP = mean left atrial 
pressure, PCWP = mean pul- 
monary capillary wedge pres- 
sure. (From Barash PG, Kopriva 
CJ: Cardiac pump function and 
how to monitor it. In Thomas SJ 
(ed): Manual of Cardiac Anes- 
thesia. New York, Churchill 
Livingstone, 1984, pp 1-34; 
with permission.) 
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mally contracting ventricles better than can the measure of ejection 
fraction. 

A clinically useful measure of left ventricular function is the ven- 
tricular function curve, using the Frank-Starling mechanism? (Fig. 6). 
This curve may be constructed by plotting an index of ventricular 
performance (for example, CO stroke volume, stroke work, and so 
forth) on the ordinate and one of myocardial fiber length on the ab- 
scissa (LVEDP or PCWP). Owing to the difficulty in directly measur- 
ing myocardial fiber length pressure, substitutions are used. This as- 
sumes that ventricular pressure and volume are directly proportional. 
However, the relationship between pressure and volume may not be 
linear (for example, during episodes of myocardial ischemia). Ventric- 
ular function curves for any given patient are constructed by carefully 
altering blood volume or vascular volume and recording changes in 
left ventricular filling pressure (for example, PCWP or LVEDP). 

As physiologists, anesthesiologists must have an understanding of 
the basic science of cardiac muscle structure and function. As clini- 
cians we must use the basic science as foundations of cardiac perfor- 
mance to understand the applications and limitations of our monitor- 
ing devices. 
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Electrocardiography 
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It has been 30 years since the electrocardiogram (ECG) began to 
achieve acceptance as an essential component of the anesthesiolo- 
gist’s monitoring armamentarium. As early as 1960, a description of 
intraoperative ECG monitoring by Canard and Dripps stated, “Its 
value is unquestioned but it requires careful interpretation on the part 
of [the] anesthetist... .”* The authors cautioned that intraoperative 
ECG monitoring has its unique limitations based on the operating 
room environment and the dynamic condition of the anesthetized pa- 
tient. In modern anesthetic practice, continuous intraoperative ECG 
monitoring is ubiquitous and essential. Although the initial use of 
intraoperative ECG monitoring was primarily concerned with the de- 
tection of dysrhythmias, its present role has been expanded. Now, 
with proper use of a calibrated electrocardiogram in conjunction with 
an appropriate lead system, the anesthesiologist may also diagnose 
myocardial ischemia, electrolyte abnormalities, and assess pacemaker 
function. Presently, the evolution of this monitoring modality contin- 
ues with recent advances in computer-assisted dysrythmia algorithms, 
ST-trend analysis, intraoperative telemetry, and Holter monitor appli- 
cations. 


LEAD SYSTEMS 


In order for the data derived from the electrocardiogram to be 
clinically useful, the anesthesiologist must observe standard lead sys- 
tem conventions. To accurately diagnose ischemia, the ECG output 
must be calibrated so that 1 mV deflection measures 10 mm on the strip 
chart recorder with paper speed adjusted to 25 mm - sec” |. Electronic 
filtering of the ECG signal, done routinely to minimize artifact and 
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interference, must have a low pass threshold of 0.1 Hz (diagnostic 
mode) to avoid filtering of low-frequency components of the ECG 
waveform with subsequent distortion of the ST segment. Clinically, 
this may result in apparent displacement of the ST segment from the 
isoelectric line simulating ischemia when none actually exists (Fig. 1). 
More importantly, it may also displace elevated or depressed ST seg- 
ments toward isoelectric precluding diagnosis of actual ischemia. 
Some ECG monitors have 4 Hz low pass filters available in “monitor” 
mode. In this mode, motion and respiratory artifact are minimized, but 
important information in the ST segments may be grossly distorted. 
Intraoperatively, the configuration of the ECG lead system is of 
extreme importance because it dictates the perspective from which 
the electrical activity of the heart is viewed. The body functions elec- 
trically as a volume conductor and as such, myocardial electrical ac- 
tivity can be obtained anywhere on its surface. Einthoven maintained 
that in the frontal plane, the heart within the thorax could be repre- 
sented as an equilateral triangle with the heart at its center. Therefore, 
an electrode system evolved consisting of three electrodes, one at 
each angle of the triangle (Einthoven’s triangle). These bipolar leads 
are known as the “standard” limb leads: I, II, and III.!° To increase 
the amount of information available in the frontal plane, Wilson de- 
veloped a system of unipolar leads. This system uses three electrodes 
in the same positions as the standard leads. However, all three leads 
are interconnected via a high impedence circuit (5000 Q) and act as an 
indifferent or negative electrode at zero potential. One of the three 
leads is connected to this zero potential as an exploring or positive 
electrode so that the actual potential difference is measured.!® Gold- 
berger modified this system by omitting the high impedence circuit 
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Figure 1. A noncalibrated 
ECG (top) artifactually depicts 9 
mm ST-segment elevation. The 
calibrated middle and bottom 
traces are filtered from 0.5 to 50 
Hz and 0.05 to 100 Hz, respec- 
tively. The bottom trace is cor- 
rectly filtered for ECG diagno- 
sis of ST-segment changes and 
reveals a 4 mm elevation. (From 
Zaidan JR: Electrocardiogra- 
phy. In Barash PG, Cullen B, 
Stoelting RK (eds): Clinical An- 
esthesiology. Philadelphia, Lip- 
pincott, 1989, pp 587-623; with 
permission.) 
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and disconnecting the exploring electrode from the indifferent elec- 
trode. This resulted in a unipolar lead system that produced larger or 
augmented deflections.’ 

When used together, the standard limb leads (I II, III) and the 
augmented leads (aVR, aVL, aVF) allow six separate and distinct 
views of the heart in the frontal plane. Monitoring of cardiac electrical 
activity in the horizontal plane is achieved by using a series of uni- 
polar precordial leads at standard positions (for example, V, to Vg). 

Use of the standard 12-lead ECG intraoperatively is impractical. 
Even a five-lead system capable of monitoring seven leads (I, II, ITI, 
aVR, aVL, aVF, V5) may not be present in some operating rooms and 
intensive care units. However, it is possible to modify the standard 
lead configurations for specific purposes of either improved dysryth- 
mia monitoring or increasingly sensitive ischemia detection (Fig. 2). 

Probably the most commonly modified bipolar lead is MCL. In 
this three-lead system, the left arm electrode is placed in the left 
subclavicular position, the left leg electrode in the V, position (fourth 
intercostal space to the right of the sternum), and the right arm is used 
as a ground. The patient is then monitored in the standard lead III 
position. This facilitates recognition of the P waves, QRS complex, 
and is useful for detection of dysrythmias and conduction defects. 


Figure 2. Modified bipo- 
lar standard limb lead systems 
including MCL, (modified chest 
lead), CS, (central subclavicu- 
lar), CMs (central manubrium), 
CBs; (central back), and CC; 
(central chest). (From Griffin 
RM, Kaplan JA: ECG lead sys- 
tems. In Thys DM, Kaplan JA 
(eds): The ECG in Anesthesia 
and Critical Care. New York, 
Churchill Livingstone, 1987; 
with permission.) 
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Another modified bipolar lead is the CS; lead. To monitor this 
lead configuration, the right arm lead is placed in the right subclav- 
icular area, the left arm lead in the V; position (fourth intercostal space 
at the anterior axillary line), and the left leg electrode in its usual 
position. With the electrocardiogram set on lead I, CS; is monitored, 
which gives a good view of the anterior and lateral walls of the left 
ventricle and is useful in the diagnosis of ischemia in these areas. 
Another advantage of this configuration is that switching to monitor 
lead H actually yields standard lead H and monitors the inferior wall 
for ischemia. 

CMs is a third lead system that yields information similar to the 
CS, configuration. The only major difference is that the right arm 
electrode is moved from a subclavicular location as in CS; to a posi- 
tion overlying the manubrium. This allows surgical preparation of the 
right arm, shoulder, and chest. Lead I is monitored. In a comparison 
study of various bipolar lead systems, CMs was found to detect 63.6 
per cent of ST-segment shifts, whereas CS. detected only 31.6 per 
cent.” 

CC, employs the right arm electrode in the fourth intercostal 
space on the right and the left arm electrode in a similar position on 
the left. Here too, lead I must be monitored, and is also primarily a 
configuration for monitoring left ventricular ischemia. 

Finally, a modification of a lead system allows for both ischemia 
detection and improved dysrythmia detection. This system, CBs, uses 
the right arm electrode over the right scapula and the left arm elec- 
trode on the V, position. Again, the monitor is set to the lead I position 
for detection of ventricular ischemia and standard lead II is used to 
evaluate dysrythmias. 

The previous discussion focused on surface electrode systems. 
However, it is possible to obtain useful and often essential diagnostic 
information from cardiac electrodes in the esophagus, trachea, or 
within the heart itself. The first intracardiac electrode described, a 
saline-filled catheter, is used in conjunction with a unipolar monitor- 
ing system. As the catheter passes from superior vena cava through 
upper atrium, mid-atrium, and lower atrium, a series of changes in the 
ECG occur. In the vena cava the pattern resembles aVR with inverted 
P waves and QRS complex. As the catheter progresses through upper, 
mid, and lower atrium, the P wave progresses from inverted to bipha- 
sic to upright in the low atrium. This technique is limited primarily to 
correct positioning of catheters in the atria for air aspiration prior to 
high-risk surgical procedures. The lead system is limited by its su- 
ceptibility to AC current interference and low amplitude due to high 
resistances at the saline/blood interface. 

A wire may also be passed percutaneously into the intra-atrial 
position. This yields an ECG tracing with a very large defined P wave 
and is much less prone to AC interference than the saline-filled cath- 
eter. The system is also resistant to electrocautery interference and 
functions well as a trigger for an intra-aortic balloon pump. 
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A further modification of the intracardiac wire, which allows more 
data to be collected, is the Multipurpose Pacing pulmonary artery 
catheter (Edwards Laboratories). This model of pulmonary artery 
catheter allows monitoring of pulmonary artery pressures, wedge 
pressure, thermodilution cardiac output, and in addition has three 
atrial electrodes and two ventricular electrodes that may be used for 
intracavitary ECG analysis, atrial and/or ventricular and even A-V 
sequential pacing, should it become necessary. ’” 

There are hazards to invasive ECG monitoring not present in 
surface electrode systems. There is always a risk of complications 
during the electrode insertion, including carotid artery puncture, 
pneumothorax, vein laceration, atrial or ventricular perforation, sep- 
sis, and so forth. More importantly, the patient is placed at risk for 
microshock. Therefore, before such techniques are used, one should 
ensure that the monitoring equipment has been tested and found to 
have a leakage current of less than 10 pA. Further, the insertion of a 
filter that blocks all frequencies greater than 20 kHz between the 
patient and monitor is advised. 

As an alternative to intracardiac ECG leads, esophageal electrode 
systems (placed on the esophageal stethoscope) have been used.” 
These systems, which may be unipolar or bipolar, have the advantage 
of permitting a very good view of the posterior wall for ischemia 
detection as well as providing a large P wave for diagnosis of atrial 
dysrythmias that might otherwise be missed on standard surface elec- 
trodes. Its insertion and use is associated with a very low morbidity. 

A subsequent modification of an esophageal lead exists as the 
intratracheal electrocardiogram lead. This lead is incorporated into an 
endotracheal tube and its electrogram patterns are similar to that of 
the esophageal electrode. It has been used primarily in the pediatric 
population. 


DETECTION OF DYSRHYTHMIAS AND 
CONDUCTION DEFECTS 


Since its inception as an intraoperative monitor, the ECG has 
been used in the detection and diagnosis of dysrythmias, which are 
very common occurrences during anesthesia in patients with and 
without cardiac disease. However, in patients with known cardiac 
disease, dysrythmias are more frequent and result in significant mor- 
bidity and mortality. Most dysrythmias occur during intubation and 
extubation, are not usually hemodynamically significant, and require 
no pharmacologic treatment. 

Lead systems commonly employed for detection of rhythm dis- 
turbances include H, Vi}, MCL,, CBs, and esophageal leads. These 
leads all produce clearly identifiable, upright P waves and well- 


so large as to make them difficult to differentiate from the QRS com- 
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plex. Thus, a simultaneous surface ECG is used to identify the rela- 
tionship of P waves to the QRS complexes (Fig. 3). 

The cause of intraoperative dysrythmias are legion. Anesthetic 
agents, other drugs, central venous cannuation, surgical manipulation, 
vagal reflexes, and electrolyte abnormalities are among the more com- 
mon etiologies. The reader is referred to more detailed reviews on 
this subject. . 

Central venous catheterization of the right atrium, right ventricle, 
or pulmonary artery is a cause of perioperative arrythmias. In this 
situation, premature atrial beats, atrial fibrillation, and ventricular ec- 
topy can all be precipitated. These dysrythmias are usually, but not 
exclusively, transient and require no therapy. 

Surgical maneuvers can also cause abnormalities of cardiac 
rhythm. Traction on the peritoneum during intra-abdominal proce- 
dures activates a strong vagal reflex resulting in bradydysrythmias. 
Similar reflexes are activated by pulling on the testicle and vas or 
pressure on the orbital contents. During neurosurgical procedures, 
manipulation in and around the brainstem may precipitate arrythmias 
of many types. Also, increases in intracerebral pressure can cause 
bradycardia through Cushing’s reflex. 

Recently, Krowka et al! have cited impressive evidence that my- 
ocardial ischemia itself can be a direct cause for cardiac dysrythmias 
in patients undergoing thoracotomy and that prompt, effective treat- 
ment of that ischemia caused the abnormal rhythm to cease. 

Conduction abnormalities of the common left bundle branch are 
rarely benign and are often associated with significant coronary artery 
disease, cardiomyopathy, or aortic valvular disease. Depolarization of 
the right ventricle occurs normally with left ventricular depolarization 
occurring later. The ECG reflects this incoordination of depolariza- 
tion with a broad (greater than 0.12 seconds) QRS, slurred rSR pattern 
in the lateral chest leads, and qrS pattern in right-sided leads. 

Complete left bundle branch block has important clinical impli- 
cations for the anesthesiologist. Conduction through the right bundle 
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Figure 3. An esophageal lead (Es ECG) compared with lead V; during transition 
from sinus rhythm to atrial flutter and atrial fibrillation. Appropriate diagnosis is aided 
by having the Es ECG supplement the information obtained from lead Vs. The surface 
ECG (V5) is used as a marker for identification of QRS complexes on the Es ECG. (From 
Griffin RM, Kaplan JA: ECG lead systems. In Thys DM, Kaplan JA (eds): The ECG in 
Anesthesia and Critical Care. New York, Churchill Livingstone, 1987; with permis- 
sion.) 
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branch may be interupted transiently or permanently by a catheter 
traversing the right ventricle as in pulmonary artery catheterization.“ 
This conduction abnormality may develop immediately on entry into 
the ventricle or after the catheter has been properly positioned in the 
pulmonary artery. In patients with pre-existing left bundle branch 
block, development of right heart block results in complete heart 
block and asystole or a slow ventricular escape rhythm. Therefore, it 
is our recommendation that in patients with left bundle branch block, 
provisions for immediate cardiac pacing either by invasive trans- 
venous leads or noninvasive external cardiac pacing, be made avail- 
able before pulmonary artery catheterization. Multipurpose Pacing 
pulmonary artery catheters or Paceport catheters (Edwards Laborato- 
ries) may not be sufficient safeguards, as the development of abnormal 
rhythm conduction defects and cardiovascular collapse may occur be- 
fore the balloon floatation catheters are properly positioned: a prereq- 
uisite for their proper function. 


DETECTION OF ISCHEMIA 


The intraoperative detection of myocardial ischemia is a major 
indication for perioperative electrocardiography. Although not as sen- 
sitive or specific as some forms of more specialized monitoring equip- 
ment (for example, transesophageal echocardiography), more isch- 
emic cardiac events are diagnosed by characteristic abnormalities of 
repolarization of the ECG than by any other method. 

Electrically, ischemia first presents as repolarization abnormali- 
ties and ST depression. The T waves then become flattened or in- 
verted. As ischemia progresses, the ST segment elevates, giving evi- 
dence of increasingly abnormal repolarization. The degree of ST- 
segment elevation correlates with the severity of the ischemia and the 
size of the area at risk. If reperfusion occurs, the electrical abnormal- 
ities tend to normalize. If, however, ischemia continues or worsens, Q 
waves develop in the leads near the infarcted area. The development 
of Q waves indicates the presence of irreversible, transmural necrosis 
without electrical activity. 

As noted previously, most patients manifest early myocardial 
ischemia with ST-segment depression. Some patients, however, react 
atypically and present with initial ST-segment elevation without pre- 
ceding depression. The majority of these patients have suffered a 
mvocardial infarction previously, and the ST elevations may represent 
segmental wall motion abnormalities or a ventricular aneurism. The 
exact etiology of the abnormal repolarization pattern is unclear. 

About 30 per cent of the patients who present with initial ST- 
segment elevation have not had a previous infarction and are exhib- 
iting the signs of variant (Prinzmetal’s s) angina (Fig. 4). Lastly, a small 
number of patients (0.2 to 1.7 per cent) have neither variant angina nor 
previous myocardial infarction. These patients with exercise-induced 
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Figure 4. Intraoperative ECG, which demonstrates ST-segment elevation in lead 
V.. The patient had a history of variant angina (vasospastic). ST elevations resolved with 
verapamil. (From Barash PG: Monitoring myocardial oxygen balance: Physiologic basis 
and clinical application. ASA Refresher Course, Washington, DC, May 21-23, 1983, pp 
103/17; with permission.) 


ST elevations have been found to have severe, high-grade stenosis of 
their coronary arteries. In these patients, ST-segment elevation in 
response to stress indicates a critical degree of coronary artery dis- 
ease. 

Blackburn and Katigbak? have shown during exercise electrocar- 
diography that 89 per cent of ischemic events were detected by mon- 
itoring lead Vs. Sensitivity is further improved by concurrent moni- 
toring of standard lead II and Vs. Using this dual lead monitoring 
system, 96 per cent of excerise- induced ischemia (by ECG) will be 
detected. Essentially 100 per cent of ischemic episodes can be de- 
tected by monitoring standard lead II, aVF, and V3_,. Unfortunately, 
multiple lead placement and the large amount of data produced by 
this system make it impractical for use in the operating room. 

A recent study by Wohlgelernter and colleagues?” called this data 
(use of leads II/V;) into question. Using echocardiography as the 
“gold standard” to detset ischemia, they compared 3-lead and 12-lead 
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ECG systems with echocardiography during percutaneous coronary 
angioplasty. At each stage of the angioplasty procedure the 12-lead 
ECG system detected approximately a 20 per cent greater incidence 
of ischemia than the 3-lead system. Such data suggests that the use of 
multiple leads increases the ECG’s sensitivity to detection of isch- 
emia. In the future, anesthesiologists may monitor more than one or 
two leads simultaneously, probably with computer assistance, to de- 
tect intraoperative ischemia. 

Ischemia detection may be improved by considering the ana- 
tomic site of the lesions before choosing a specific lead system. A 
patient with significant disease in the left anterior descending coro- 
nary artery may develop anterior wall ischemia or infarction. Electro- 
-ardiographically, leads Və would detect such ischemia best. Simi- 
larly, disease of the left circumflex artery would put the lateral wall of 
the left ventricle at risk. Ischemic changes would be detected in leads 
I, aVL, and V,.,. If ischemia due to right coronary artery disease is 
suspected, the patient should be monitored for inferior wall ischemia 
(IL, II, aVF) or even right ventricular ischemia or infarction (V; or 
Vir)? Posterior ischemia or infarction may be very difficult to diag- 
nose or detect. Subtle reciprocal changes may be present in the ante- 
rior leads or more specialized lead configurations such as intra-atrial 
or esophageal leads must be used. 

There is no universally agreed upon ECG criteria for diagnosis of 
ischemia. ST-segment depression is considered significant if horizon- 
tal or downsloping and depressed 1 mm from the isoelectric line at a 
point 0.06 seconds from the J point (Fig. 5). Exercise and stress alone 
can cause ST-segment abnormalities. These repolarization abnormal- 
ities are usually confined to minor depression from the isoelectric line 
with an upsloping ST segment. However, an upsloping ST segment 
may be considered indicative of ischemia when the magnitude of the 
depression reaches 2 mm at a point 0.08 seconds from the J point. 

O waves also are nonspecific findings indicative only of electrical 
vectors of ventricular depolarization proceeding in a direction away 
from the ECG lead. Q waves are considered significant for infarction 
when they occur in more than one lead and exceed 0.03 seconds in 
duration. 


NEWER ELECTROCARDIOGRAPHIC MODALITIES 


The detection rate of dysrythmias and myocardial ischemia by 
electrocardiography has been recently improved by certain computer- 
assisted systems. Computer algorithms aid in recognition of dysryth- 
mias on the basis of rate, interval duration, and length of time spent at 
the isoelectric line. Variation from certain preset values of any of these 
parameters results in an alarm condition, tentative dysrythmia iden- 
tification, and the ECG complex is stored in memory for subsequent 
retrieval. Unfortunately, the operating room presents a difficult envi- 
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Figure 5. Intraoperative tracings obtained during an episode of myocardial isch- 
emia. Note increasing pulmonary artery pressures and simultaneous downsloping ST 
segments in lead IJ. These changes reverted with intravenous nitroglycerine (TNG). 
CO = cardiac output. (From Barash PG: Monitoring myocardial oxygen balance: Phys- 
iologic basis and clinical application. ASA Refresher Course, Washington, DC, May 
21-23, 1983, pp 103/1~7; with permission.) 


ronment for this monitoring modality. Patient position, electrocautery, 
and other sources of electrical interference makes these computer- 
assisted dysrythmia-detection systems unreliable and prone to false- 
positive responses. 

Computer-assisted analysis has also been employed for the de- 
tection of myocardial ischemia. Kotrly et al?° modified an exercise 
electrocardiograph for ST-segment trending analysis that monitors 
multiple leads simultaneously. A microcomputer measures the devi- 
ation of the ST segment from the isoelectric line at the J point plus 60 
ms and displays the absolute values for these deviations in multiple 
leads. These data may be displayed in real time as a digital display or 
alternatively displayed as trend line, which clearly shows changes in 
the ST segment over time (Fig. 6). Use of the ST-trend analyzer has 
been shown to improve the anesthesiologists’ ability to detect myo- 
cardial ischemia intraoperatively as compared with more conven- 
tional ECG methods.” Also, the use of the trend line allows these 
data to be displayed in a simple yet effective manner. There are some 
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Figure 6. Data displayed from an ST-segment trend analyzer. Simultaneous ECG 
leads (II/MCL,), heart rate, rhythm analysis, and variation of the ST segments from 
baseline are displayed. The computer analyses the ST segments and assigns a milli- 
meter deviation from baseline for each lead and summates the total ST-segment devi- 
ation. I] = 2.2 mm, MCL = 0.8 mm, total = 3.0 mm. (From Kotrly KJ, Kutter GS, 
Mortara D, et al: Intraoperative detection of myocardial ischemia with an ST segment 
trend monitoring system. Anesth Analg 63:343, 1984; with permission.) 


difficulties with ST-trend analysis in the operating room. In order for 
the ST segments to be assessed, between 7 and 20 complexes are 
averaged for each determination. Unfortunately, a meaningful analy- 
sis then requires a number of normal complexes without artifact from 
any source. In the operating room environment, electrocautery and 
any number of other interfering influences may disable the ST-trend 
analyzer for variable periods of time. Abboud et al’ have described a 
system of cross-correlation analysis in which a computer template of 
an ECG complex is stored. Subsequent complexes are compared with 
this template and otherwise inapparent changes in the surface ECG 
ST segments are recognized and displayed as variations of a trending 
line (Fig. 7). 


SUMMARY 


The ECG remains the prime monitor for the detection of dysryth- 
mias or myocardial ischemia in the perioperative period. It is an in- 
expensive, easily applied, and easily interpreted monitoring system 
that can function throughout the operative period. No other single 
monitoring system can fulfill the ECG’s function over such a wide 
range of clinical and surgical situations. Careful attention to detail in 
the calibration and lead selection and close attention to subtle repo- 
larization changes make the ECG a versatile and adequate monitor of 
dysrythmias and ischemia. Computer-assisted methods will continue 
to improve the sensitivity of this time-proved monitoring modality. 
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Figure 7. Simultaneous lead V, and coronary sinus ECG (IC — ECG) obtained at 
the start of a percutaneous coronary angioplasty procedure (arrow). During PTCA, Vs 
shows no changes consistent with myocardial ischemia; however, IC-ECG shows sig- 
nificant ST-segment elevation. Cross-correlation analysis obtained from the surface 
ECG (V5) shows a significant alteration of the ST segment (cross correlation 0.99 to 
0.90), With release of PTCA balloon, ST segments return to normal. (From Abboud S, 
Cohen RJ, Selwjn A, et al: Detection of transient myocardial ischemia by computer 
analysis of standard and signal-averaged high-frequency electrocardiograms in patients 
undergoing percutaneous transluminal coronary angioplasty. Circulation 76:3, 1987; 
with permission.) 
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new amino-amide-type agents, 358-360 
new developments in, 357-370 
novel agents, 365-367 
regional, 362-365 
combination drugs and additives in, 
364—365 
topical, 361-362 
volatile, and the liver, 291-293 
Angina, labetalol for treatment of, 396 
mixed, and ischemic heart disease, 473- 
474 
unstable, and ischemic heart disease, 
472—473 
Antacids, for prophylaxis of aspiration, 409~ 
41] 
Anticholinergics, for prophylaxis of aspira- 
tion, 409 
Antidiuretic hormone, effect of, on neuroen- 
docrine response, 16 
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Aplasia, factors leading to, in multisystem 
failure, 23-24 
Arachidonic acid metabolites, for resuscita- 


ARDS. See Adult respiratory distress syn- 
drome. 

Arrhythmias, esmolol for treatment of, 389 

Arterial blood pressure measurement (non- 
invasive), in pediatric cardiac monitor- 
ing, 827-528 

Arterial blood supply, anatomy of, 839-840 

Arterial pressure monitoring, direct, in pe- 
diatric cardiac monitoring, 830-831 

Arylevclohexylamines, pharmacokinetic pro- 
file and pharmacodynamic effects of, 
308~—3 10 

Aspiration, patients at risk for, 408-409 

prophylaxis of, drugs for, 409-414 
severity of, factors affecting, 407-408 

Atracurium, pharmacologic properties of, 
343-346 

Atracurium infusion, 341 

Atrial septal defects, Doppler echocardiogra- 
phy for detection of, 799 

Auscultation, of Korotkoff sounds, as method 
of noninvasive blood pressure measure- 
ment, 722-723 

Auscultatory systems, automated. as method 
of noninvasive blood pressure measure- 
ment, 723-724 

Avurvedic medicine, 655 

Aztecs, preoccupation with life and death 
among, 656 


Barbiturates, pharmacokinetic profile and 
pharmacodynamic effects of, 298—302 
Bard alfentanil infuser, 275-276 
Benzodiazepines, effects of, on coronary 
blood flow, 607-608 
in obstetrics, 442-443 
pharmacokinetic profile and pharmaco- 
dynamic effects of, 304-307 
Bestatin, for analgesia in cancer patients, 
330-331 
Beta-adrenergic antagonists, 381 
chemical structure of, 382 
Beta-blocking drugs, for treatment of myo- 
cardial ischemia and infarction, 575- 
378, 620 
pharmacologic properties of, 38] 
Biliary tract, dysfunction of, and multisys- 
tem organ failure, 193-194 
Blood, for resuscitation in hemorrhagic 
shock, 128-129 
Blood flow, physics of, 786-787 
Blood oxygen carrying capacity, as cause of 
myocardial ischemia and infarction, 
464-465 
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Blood pressure devices, 725 
Blood pressure measurement, noninvasive, 
721-741 
nonocelusive methods, 731-739 
Cortronic device in, 738-739 
Finapres device in, 734-738 
Penaz method. 732-734 
occlusive methods, 722-731 
auscultation, 722-723 
automated auscultatory systems for, 


723-794 

automated oscillometric devices for, 
726-727 

infrasound for, 724-725 


oscillometry for, 725-726 
peripheral pulse detection for, 729- 
731 
pitfalls of, 731 
Blood supply, arterial, anatomy of, 839--840 
Blood velocity, Doppler measurement of, 
786-793 
Bowel, small, dysfunction of, and multisys- 
tem organ failure, 189-191 
Brain, effect of hemorrhagic shock on, 123 
Bupivacaine, epidural, in obstetrics, 445 
for cesarean section anesthesia, 447 
Buprenorphine, as premedicant, 435 
Butorphanol, as premedicant, 434-435 


Calcium antagonists. for treatment of myo- 
cardial ischernia, 575-551 

Calcium channel blockers, for treatment of 
myocardial ischemia and infarction, 
623-624 

Calcium metabolism, disorders of, effect on 
central nervous system, 214-215 

Calibration. of monitoring devices, 707-716 
analog displays in, 709 
data measurement in, 707-708 
data transduction in, 708-709 
digital displays in, 711-712 
ECG processing in, 712-713 
filtering in, 709-71] 
pressure measurement in, 713-716 

Cannulation, venous, central, complications 
of, 751-753 

Carbohydrate utilization, regulation of, in 
sepsis, 99-100 

Cardiac drugs, new developments in, 371- 

405 

adrenergic antagonists, 379-395 
inotropic drug, 371-379 

Cardiac failure, effect on central nervous 
system, 203-206 

Cardiac imaging techniques, for monitoring 
coronary circulation, S47 

Cardiac monitoring. device calibration in. 
707-716 
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electrical safety in, 699-707 
historical backdrop to, 655-681 
Chinese: yin/vang, 657-658 
Egyptian: Isis/Orisis, 657 
Einthoven: string galvanometer, 660- 
662 
Greek: odd/even, 659 
Indians: Pitha/Kapha, 655 
Mesoamerican focus, 656 
Mesopotamian focus, 681-652 
modern: negative/positive, 659-660 
issue on, 655-859 
of pediatric patient, 825-837 
basic noninvasive monitoring, 826-830 
arterial blood pressure measurement 
in, 827-525 
cardiac output monitoring, 8529-830 
ECG in, 526-827 
pulse oximetry, 828-829 
transcutaneous oxygen monitoring, 
829 
invasive monitoring, 830-834 
cardiac output monitoring, 533 
direct arterial pressure monitoring. 


830-83 1 
intracardiac pressure measurement, 
831 


left atrial catheters, $32-$33 
mixed venous oxygen saturation mon- 
itoring, 833 
pulmonary artery catheterization, 
§31-832 
two-dimensional echocardiography 
and color low Doppler, 833-834 
preoperative, 683-695 
Cardiac output, 803-824 
continuous thermal, determination of, 
816-S17 
definition of, 503 
Doppler measurements of, 793-795 
measurement of, Fick principle in, 804- 


807 
indicator-dilution technique for, 807- 
817 


laser Doppler velocimetry in, 519 
pulse contour for, 817-818 
systolic time intervals in, S15 
thoracic electrical impedance in, $19- 
520 
ultrasound in, S19 
Cardiac output monitoring, invasive, in pe- 
diatric cardiac monitoring, 833 
Cardiac output monitoring (noninvasive), in 
pediatric cardiac monitoring, 829-830 
Cardiac surgery. evaluation of patients for. 
echocardiography for, 780-751 
for perioperative myocardial ischernia and 
infarction, 505-526. See also Myocar- 
dial ischemia, and myocardial infarc- 
tion, perioperative. 
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Cardiovascular dysfunction, in septic shock, 
87—118 
Cardiovascular monitoring, physiologic basis 
of, 891-902 
Catecholamines, effects of, on metabolism, 9 
on neuroendocrine response, 6-10 
for resuscitation in hemorrhagic shock, 
129 
for treatment of septic shock, 108 
Catheters, coronary sinus flow, for monitor- 
ing coronary circulation, 843-847 
left atrial, in pediatric cardiac monitoring, 
832~833 
Central nervous system, effect of adrenal 
and thyroid dysfunction on, 215-216 
effect of cardiac failure on, 203-206 
effect of encephalopathy in pregnancy on, 
210 
effect of endocrinologic disorders on, 211~ 
215 
effect of hepatic failure on, 208—209 
effect of pancreatic encephalopathy on, 
209--210 
effect of renal failure on, 206-208 
Cesarean section, anesthesia for, 447-449 
general, 448—449 
intraspinal opioids for, 447-448 
regional, 447 
Channel blockers, calcium, for treatment of 
myocardial ischemia and infarction, 
623-624 
potassium, pharmacologic properties of, 
366-367 
Chinese: yin/yang, preoccupation with life 
and death among, 657-658 
Chloroprocaine, epidural, in obstetrics, 445- 
446 
Cimetidine, for prophylaxis of aspiration, 
411-412 
Circulation, collateral, role of, in myocardial 
ischemia and infarction, 464 
coronary, anatomy of, 839-840 
monitoring of, 839-850 
methods of, 843-847 
physiology of, 840-843 
humoral influences, 842-843 
mechanical factors, 841-842 
metabolic control, 840-841 
neural factors, 842 
early Eastern theories of, 664 
early Western theories of, 664—666 
venous, monitoring of, 865-889 
Closed-loop infusion, 274-275 
Coagulation defects, correction of, in hem- 
orrhagic shock, 131 
Coagulopathy, as cause of chronic liver dis- 
ease, 28 
as cause of liver disease, 27-28 
as cause of malnutrition, in multisystem 
failure, 28-29 
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caused by liver transplantation, 31-32 
consumptive, in multisystem failure, 29- 
30 
Coarctation, labetalol for treatment of, 395 
Colon, dysfunction of, and multisystem or- 
gan failure, 191 
Color flow Doppler, in pediatric cardiac 
monitoring, 833-834 
Color flow mapping, 792-793 
Congenital heart disease, Doppler ultra- 
sound for diagnosis and treatment of, 
798-799 
Coronary artery disease, inhaled anesthetics 
for, 283-288 
preoperative diagnosis of, and outcome, 
528-530 
Coronary artery stenosis, athersclerotic, and 
ischemic heart disease, 467~469 
morphologic characteristics of, 469-471 
Coronary artery(ies), narrowing of, as cause 
of myocardial ischemia and infarction, 
464 
Coronary circulation. See Circulation, coro- 
nary. 
Coronary collaterals, in experimental mod- 
els, 491-493 
Coronary sinus flow catheter, for monitoring 
coronary circulation, 843~847 
Coronary spasm, effect on incidence of myo- 
cardial ischemia and infarction, 516-517 
Coronary steal, experimental models of, 
485-503 
models of, versus anesthetics, 496-500 
Coronary vasospasm, and ischemic heart 
disease, 471 
mechanisms of, 471 
Cortronic device, for nonocclusive blood 
pressure measurement, 738-739 


DADL, pharmacologic properties of, 330 
Dezocine, for sedation, 435-436 
pharmacologic properties of, 329-330 
Dialysis, for treatment of acute renal failure, 
179 
Diazepam, effect of, on coronary blood flow, 
607-608 
Diltiazem, for treatment of myocardial isch- 
emia, 578-579 
Dipyridamole thallium imaging, 687-692 
clinical studies of, 687-692 
theoretical basis of, 687 
Disseminated intravascular coagulation 
(DIC), acute, in multisystem failure, 
30-31 
Dopamine, for treatment of acute renal fail- 
ure, 179 
for treatment of septic shock, 108 
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Doppler, continuous wave, 788-789 
pulsed wave, 759-790 
Doppler echocardiography, 785-802 
for evaluation of valvular function, 795— 
799 
future directions in, 799-800 
Doppler flow data, display of, 790-791 
Doppler measurement of fows and pressure 
gradients, in pediatric cardiac monitor- 
ing, 833-834 
Doppler measurements, of blood velocity, 
786-793 
techniques of, 787~790 
of cardiac output, 793-795 
physical principles of, 785-786 
Doppler principle. 785-786 
Doxacurium, pharmacologic properties of, 
345, 346-347 
Drug infusions, intravenous, 268-276 
Drug metabolism, effect of nutrient infusion 
on, 66-67 
Drugs, anesthetic, in prevention and treat- 
ment of myocardial ischemia, 593-613 
in anesthesia, issue on, 251-456 


vasoactive, in prevention and treatment of 


myocardial ischemia, 569-591 


ECG, See Electrocardiogram, Electrocar- 
diography. 
Echocardiography, Doppler, 785-802. See 
also Doppler measurements. 
for detection of intracardiac air, 779-780 
for evaluation of patients for heart sur- 
gery, 780-751 
in diagnosis of myocardial ischemia, 509 
M-mode, in evaluation of global ventricu- 
lar function, 772-775 
perioperative, 769-783 
two-dimensional, in detection of myocar- 
dial ischemia and infarction, 556-559, 
562 
in evaluation of global ventricular func- 
tion, 775-776 
in evaluation of regional ventricular 
function, 776-779 
Edrophonium, an NMBA antagonist, 348 
EE measurement, interpretation of, in criti- 
cally ill patients, 44~45 
Efferent humoral response, role of, in neu- 
roendocrine response, 4-18 
Egyptians: Isis/Orisis. preoccupation with 
life and death among, 657 
Einthoven: string galvanometer, preoccupa- 
tion with life and death among, 660- 
662 
Electrical safetv, and device calibration, 


699-719 


in hospitals, 703-706 
in households and industry, 701-703 
principles of, 707 
Electricity, basis of, 699-700 
Electrocardiogram, in pediatric cardiac mon- 
itoring, S26-827 
Electrocardiographic monitoring techniques, 
683-686 
clinical studies of, 685-656 
theoretical basis of, 683-685 
Electrocardiography, in detection of myocar- 
dial ischemia and infarction, sensitivity 
of, 562, 903-915 
in diagnosis of myocardial ischemia, 507~ 
508, 909--911 
in preoperative diagnosis of coronary ar- 
tery disease, 528-530 
lead systems for ischemia detection, 545- 
546, 903-907 
Electrocautery, and burn at patient attach- 
ment, 706-707 
Electrocution, pathophysiology of, in cardiac 
monitoring, 700-701 
Encephalopathy, complicating pregnancy, 
effect on central nervous system, 210 
pancreatic, effect on central nervous sys- 
tem, 209-210 
Endocrinologic disorders, effect on central 
nervous system, 211-215 
Energy expenditure estimation, from stan- 
dard formulas, in critically ill patients. 
43~44 
Energy expenditure measurements, in criti- 
cally ill patients, 41-43 
Energy metabolism, in stress, 52-53 
‘nflurane, and hepatic injury, 291-292 
beneficial effects of, during myocardial! 
ischemia, 595 
effect of, on incidence of myocardial isch- 
emia and infarction, 515 
for consistent preservation of myocardial 
lactate extraction and hemodynamic sta- 
bility, 284 
Equilibrium gated pool scan, for monitoring 
right ventricular function, 854 
Esmolol, 381-390 
adverse effects and complications of, 389 
dose and route of administration of, 390 
electrophysiologic effects of, 386-387 
for treatment of myocardial ischemia and 
infarction, 621-622 
hemodynamic effects of, 384—386 
interactions of, with anesthetics, 387-3585 
mechanism of action of, 383-384 
metabolism and pharmacokinetics of, 382- 
383 
physiochemical characteristics of, 382 
respiratory effects of, 387 
uses of, 388-389 
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Etomidate (Amidate), in prevention and 
treatment of myocardial ischemia, 608 
pharmacokinetic profile and pharmaco- 
dynamic effects of, 302-304 
Exercise stress testing, as cardiac monitoring 
technique, 683-656 


Famotidine, for prophylaxis of aspiration, 
412 
Fasted state, effects of nutrients on reversal 
of, 51-52 
Fat metabolism, during oxygen deficiency, 
104—105 
during stressed starvation, 53-54 
Fentanyl, effects of, on coronary blood flow, 
606-607 
epidural, in obstetrics, 444-445 
in obstetrics, 441 
Fiber optic dye detection, for measurement 
of cardiac output, 816 
Fick principle, in measurement of cardiac 
output, 804-807 
Finapres device, for nonocclusive blood 
pressure measurement, 734-738 
First pass technique, for monitoring right 
ventricular function, 854 
Furosemide, for treatment of acute renal 
failure, 178-179 


Galvanometer, string, preoccupation with 
life and death among, 660--662 

Gastrointestinal tract, drugs affecting, new 
developments in, 407~417 

effect of hemorrhagic shock on, 123 

Glucagon, effect of, on neuroendocrine re- 
sponse, 13-14 

Glucocorticoids, effect of, on metabolism, 7— 
8 

Glucose metabolism, during stress, 53 

Glucose transport, characteristics of, 98 

Glucose utilization, effect of increased car- 
diac work on, 100-101 

Graded responses, 260-261 

Gravity-flow manual IV system, 867-870 

Greek: odd/even, preoccupation with life 
and death among, 659 

Growth hormone, effects of, on metabolism, 

ll 


on neuroendocrine response, 10-11 


Halothane, beneficial effects of, during myo- 
cardial ischemia, 595-602 
effect on incidence of myocardial ischemia 
and infarction, 515 
for coronary autoregulation, 284 
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Heart, as center for cardiac monitoring, Me- 
soamerican focus, 656 
in sepsis, 89-105 
Heart rate, increases in, prevention and 
treatment of, in noncardiac surgical pa- 
tients, 538-540 
role of, in myocardial ischemia and infarc- 
tion, 465 
Hematologic abnormalities, caused by septic 
shock, 80 
Hematopoietic systern, disorders of, in mul- 
tisystem failure, 23-32 
Hemodynamic pressure monitoring, 745— 
fol 
Hemofiltration, for treatment of acute renal 
failure, 179 
Hemolvysis, drug-induced, factors leading to, 
in multisystem failure, 24 
Hemolytic uremic syndrome, and coagula- 
tion disorders, 31-32 
Hemorrhagic shock, effect of, on neutrophil 
function, 33 
Hemorrhage, response of body systems to, 
120 
Hemorrhagic shock, 119-194 
and multisystem failure, treatment of, 
125-131 
clinical assessment of, 123-124 
coagulation defects in, correction of, 131 
effect of, on brain, 123 
on gastrointestinal tract, 123 
on heart, 121-122 
on kidneys, 123 
on liver, 122-123 
on lungs, 122 
invasive assessment of, 124-125 
pathophysiology of, 119-12] 
resuscitation in, 126-131 
arachidonic acid metabolites for, 130- 
131 
blood for, 128-129 
catecholamines for, 129 
fluids for, 126-129 
steroids for, 129-130 
treatment of, total parenteral nutrition 
for, 125-126 
Hemostasis, abnormalities cf, in multisystem 
failure, 27-32 
normal, 27 
Hepatic failure, effect on central nervous 
system, 208-209 
Hepatoscopy, in Assyro-Babylonian medi- 
cine, 656 
Histamine H2 receptor antagonists, for pro- 
phylaxis of aspiration, 411-414 
Hydromorphone, in obstetrics, 441 
Hyperglycemia, effect on central nervous 
system, 211-212 
Hypernatremia, effect on central nervous 
system, 212-213 
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Hypertension, esmolol for treatment of, 385 
perioperative. labetalol for treatment of, 
399 
pregnancy-induced, labetalol for treat- 
ment of, 395-390 
pulmonary, acute right ventricular failure 


Hypertensive emergencies, labetalol for, 394 

Hyponatremia, effect on central nervous 
system, 213-214 

Hypotension, controlled, isoflurane and, 289 

Hypothalamic-pituitary-adrenal axis, effect 
of, on neuroendocrine response, 5-6 

Hypoxia, effect on myocardial metabolism, 
101-103 


imidazoles, pharmacokinetic profile and 


Immune system, alterations in, in multisys- 
tem failure, 32-35 
Indians: Pitha/Kapha, preoccupation with 
life and death among, 655 
Indicator-dilution technique, in measure- 
ment of cardiac output, 807—817 
accuracy and precision, 809-814 
limitations, 514-815 
principles, 807-809 
recent developments, 816-817 
Indomethacin, as tocalytic agent, 451 
Inert gas washout technique, for monitoring 
coronary circulation, 843 
infrasound, as method of noninvasive blood 
pressure measurement, 724-725 
Inotropes, for treatment of myocardial isch- 
emia, 585 
insulin, effect of, on metabolism, 13 
on neuroendocrine response, 1-13 
intra-aortic balloon pump, for treatment of 
myocardial ischemia and infarction, 
625-626 
intracardiac air, echocardiography for detec- 
tion of, 779—780 
intracardiac pressure measurement, in pedi- 
atric cardiac monitoring, general con- 
siderations, S31 
intracranial pressure, increases in, following 
administration of inhaled anesthetics, 
289-291 
Intramyocardial pressure, role of, in myo- 
cardial ischemia and infarction, 463 
Intravenous fat emulsions (IVFE), effects of, 
on lungs, in acutely ill patients, 63-64 
Intravenous fluid administration, monitoring 
of, 865-889 
with commercially available controllers 
and pumps, 884-855 
Ischemia. effect on myocardial metabolism, 
101-103 
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in surgery for congenital lesions, inci- 
dence of, 513 

myocardial. See Myocardial ischemia. 
esmolol for treatment of, 389 

right ventricular, incidence of. 512-513 

silent, characteristics and significance of, 

353-396 
incidence of, 511-512 
Isoflurane, and cerebral protection, 285-259 

and controlled hypotension, 289 

and opioids, in patients with coronary ar- 
tery disease, 286-257 

as arteriolar vasodilator in dogs, 282-253 

effect of, on incidence of myocardial isch- 
emia and infarction, 514-515 

eflect on myocardial oxygen balance, 285- 
286 

effects of, on coronary blood flow, 599- 
601 

Isotopes, for monitoring coronary circula- 

tion, 547 


Ketamine, pharmacokinetic profile and 
pharmacodynamic effects of, 308-310 
Kidnevs, dysfunction of, caused by spetic 
shock, 80 
effect of hemorrhagic shock on. 123 


Labetalol, 390-398 
adverse effects and complications of, 396- 
397 
chemical structure of, 392 
dosage of, 397 
electrophysiologic effects of, 394 
hemodynamic effects of, 392-394 
interactions of, with anesthetics, 394 
mechanism of action of, 391-392 
metabolism and pharmacokinetics of, 391 
physiochemical characteristics of, 390 
uses of, 394-396 
Laser Doppler velocimetry, in measurement 
of cardiac output, S19 
Laudanosine, production of, effect on anes- 
thetic requirement, 341-342 
12-Lead ECG, as cardiac monitoring tech- 
nique, 683-686 
Left ventricular ejection fraction, assessment 
of, 692-695 
clinical studies of, 692-695 
theoretical basis of. 692 
Lesions, atherosclerotic, morphologic char- 
acteristics of, 469-471 
of small bowel, and multisystem organ 
failure, 189-191 
regurgitant, Doppler measurement of, 
797-798 
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Levophed, for treatment of septic shock, 
108 
Lidocaine, as topical anesthetic, 361-362 
Liver, as center for cardiac monitoring, 
Mesopotamian focus, 655-656 
dysfunction of, and multisystem organ 
failure, 194—197 
caused by septic shock, 80 
effect of hemorrhagic shock on, 122-123 
effect of volatile anesthetics on, 291—293 
Liver disease, and coagulopathy, 27—28 
chronic, and coagulopathy, 28 
Liver transplantation, and coagulopathy, 31- 
32 
Lorazepam, in obstetrics, 442 
Lung injury, acute, hemodynamic abnormal- 
ities in, 142-144 
management of, 150 
Lungs, edema of, effect of hemodynamics 
on, 140-142 
effect of hemorrhagic shock on, 122 
Lymphocyte function, effect of trauma on, 
33-34 


Malnutrition, and coagulopathy, 28-29. 
Mannitol, for treatment of acute renal fail- 
ure, 178 
Meptazinol, pharmacologic properties of, 
327-329 
Mesopotamians, preoccupation with life and 
death among, 655-656 
Metabolic brain disease, causes of, 205—206 
Metabolic indicators, in diagnosis of myocar- 
dial ischemia, 509 
Metabolic response, monitoring of, in multi- 
system organ failure, 39—47 
to starvation, in acutely ill patients, 50 
to stress, in acutely ill patients, 52 
Metabolism, drug, effect of nutrient infusion 
on, 66-67 
effect of glucocorticoids on, 7-8 
effects of catecholamines on, 9 
effects of glucocorticoids on, 6 
effects of growth hormone on, 11 
effects of insulin on, 13 
effects of neuroendocrine stress response 
on, 1-22 
energy, in stress, 52-53 
glucose, during stress, 53 
Methoxyflurane, for long-duration local anal- 
gesia, 365 
Metkephamid, pharmacologic properties of, 
330 
Metoclopramide, for prophylaxis of aspira- 
tion, 413-414 
Midazolam, 421—429 
as premedicant, 427—428 
effects of, on coronary blood flow, 607— 
608 
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for conscious sedation, 428—429 
in obstetrics, 442-443 
mechanism of action of, 422—425 
pharmacokinetics of, 425-426 
Mivacurium, pharmacologic properties of, 
343-344 
Mivacurium infusion, 342 
Mixed venous oxygen saturation monitoring, 
in pediatric cardiac monitoring, 833 
Morphine, in obstetrics, 440 
Multisystem organ failure, anesthetic tech- 
niques for modification of systemic re- 
sponses in, 221-235 
cardiovascular dysfunction in, 87—118. See 
also Septic shock, cardiovascular dys- 
function in. 
hematologic and immunologic abnormali- 
ties associated with, 23-37 
hemorrhagic shock in, treatment of, 125- 
131 
hepatic and splanchnic response in, 185- 
202 
management of patients with, 1-235 
metabolic response in, monitoring of, 39— 
47 
neurologic complications of, 203-219. See 
also Central nervous system. 
pulmonary dysfunction in, 135-172. See 
also Pulmonary dysfunction, in multi- 
system organ failure. 
Muscle and plasma AA profiles, in acutely ill 
patients, 54-59 
Myasthenia gravis, patients with, atracurium 
and vecuronium in, 346 
Myocardial blood flow, regional, role of, in 
myocardial ischemia and infarction, 
465-467 
Myocardial contraction, terms used to de- 
scribe, 559 
phases of, 893-894 
Myocardial infarction, acute, cardiologic re- 
perfusion treatment for, 631—649 
labetalol for treatment of, 396 
pathophysiology of, 632-634 
and myocardial ischemia, mechanisms of, 
461-484. See also Myocardial ischemia, 
and myocardial infarction. 
postoperative, diagnosis of, 536—537 
reperfusion during, factors affecting out- 
come-advisability of, 493-496 
Myocardial ischemia, and myocardial infarc- 
tion, detection of, 545-567 
automated ST-segment analysis in, 
549-553 
by measurement of pulmonary artery 
pressure, 563-564 
by two-dimensional echocardiogra- 
phy, 556-559, 562 
electrocardiographic lead systems for, 
545-546 
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electrecardiography for, sensitivity of, 
562 
ST-segment depressions in, 546-549 
in subendocardium, 465-467 
mechanisms of, 461-484 
metabolic intervention in, 624-625 
myocardial oxygen supply and demand 
in, 461-465 
perioperative, and cardiac surgery, 
505-526 
and noncardiac surgery, 527-543 
diagnosis of, 506-51} 
echocardiography in, 509 
electrocardiography in, 507-508 
intraoperative, 506-510 
metabolic indicators in, 309 
postoperative, 510—511 
scintigraphy in, 508 
ventricular filling pressure in, 308- 
509 
etiology of, 513-514 
factors associated with, 506 
in noncardiac surgical patients, risk 
factors and outcome in, 532-536 
incidence of, 511-317 
anesthesia affecting, 514-515 
coronary spasms and, 516-517 
hemodynamic changes affecting, 515 
516 
inadequate myocardial preservation 
and, 517 
management of, 515-520 
outcome following, 520-521 
prevention of, 517-515 
prevention and treatment of, vasoactive 
drugs in, beta blockers, 575-575 
nitroprusside, 573-574 
regional myocardial blood flow in, 465- 
AGT 
role of platelets and prostaglandins in, 
474-475 
treatment of, 615-630 
and perioperative infection, issue on, 
461-649 
atherosclerotic coronary artery stenosis 
and, 467-469 
coronary vasospasm and, 47] 
critical stenosis and, 469 
esmolol for treatment of, 359 
experimental models of. 485-503 
intraoperative, significance of, 564-565 
treatment of, 537-538 
intraoperative monitors of, 509-510 
monitoring of, practical aspects of, 565 
prevention and treatment of, role of anes- 
thetic drugs in, 593-613 
vasoactive drugs in, 569-59] 
inotropes, 585 
nitroglycerin, 569-573 
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vasoconstrictors, 581-583 
reperfusion injury and, 478-480 
silent, 474, 530-531 
Myocardial metabolism, effects of ischemia 
and hypoxia on, 101-103 
Myocardial muscle mechanics, 592-893 
Myocardial oxygen balance, inhaled anes- 
thetics and, 281-285 
Myocardial oxygen demand, major determi- 
nants of, 462 
Myocardial oxygen supply, autoregulation 
of, 462--463 
blood oxygen ecarrving capacity in, 464- 
465 
collateral circulation in, 464 
coronary artery narrowing in, 464 
heart rate in, 463 
intramyocardial pressure in, 463 
role of, in myocardial ischemia and infarc- 
tion, 461—465 
Mvocardial perfusion imaging, 686-687 
Myocardial salvage, in experimental models, 
456-490 
Myocardium, energy generation in, during 
sepsis, 96-95 
fuel utilization in, during sepsis, 98--99 


Nalbuphine, as premedicant, 435 

in obstetrics, 441] 
Nalmefene, pharmacologic properties of, 325 
Nalorphine, pharmacologic properties of, 


326 

Naloxone, pharmacologic properties of, 324— 
325 

Naltrexone, pharmacologic properties of, 
329 


Narcotics, effect of, on systemic responses to 
elective surgery, 225-226 
Neuroanesthesia, inhaled anesthetics and, 
288—291 
Neuroendocrine stress response, metabolic 
effects of, 1-22 
role of afferent neuronal stimuli in, 2—4 
role of efferent humoral response in, 4-15 
Neuromuscular blocking agents (NMBAs), 
anaphylactoid reactions in, 343 
antagonists of, 347-348 
cardiovascular side effects of, 342-343 
cumulation in, 339 
dose response of, 338-339 
duration of action of, 335-337 
infusions in, 339—342 
long-acting, 346-347 
of intermediate duration, 344-346 
of short duration, 343-344 
of ultrashort duration, 343 
onset of action of, 335 
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Neutropenia, acquired, critical care drugs 
associated with, in multisystem fail- 
ure, 25 
factors leading to, in multisystem fail- 
ure, 34-25 
Neutrophil function, effect of hemorrhagic 
shock on, 33 
Nifedipine, for treatment of myocardial isch- 
emia, 578-579 
Nitroglycerin, for treatment of myocardial 
ischemia, 569-573, 616-620 
Nitroprusside, for treatment of myocardial 
ischemia, 573-574 
Nitrous oxide, and narcotics, effect on coro- 
nary artery disease patients, 287 
NMBAs. See Neuromuscular blocking 
agents, 
Nuclear magnetic imaging, for monitoring 
right ventricular function, $57 
Nutrients, effect of, on reversal of fasted 
state, 51-52 
infusion of, effect on drug metabolism, 
66-67 
Nutrition, in acute renal failure, 180 
in acutely ill patients, 49-71 
role of, in cell-mediated immunity, 32-33 
total parenteral. See Total parenteral nu- 
trition. 
Nutritional support, future aspects of, in 
acutely il] patients, 63-66 
in postoperative period, 59-62 


Obstetrics, drugs used in, new develop- 
ments in, 439-456 
for cesarean section, 447—449 
systemic medication, 440-443 
benzodiazepines, 442—443 
mode of administration of, 440 
narcotic analgesics, 440-442 
uterine active agents, 449-451 
epidural analgesia in, 444-446 
patient-controlled analgesia in, 443-444 
Open-loop infusion, 269-273 
Opiates, endogenous, effect of, on neurven- 
docrine response, 14-15 
Opioid agonist-antagonists, pharmacologic 
properties of, 325—327 
Opioid agonists, pharmacologic properties 
of, 319-324 
Opioid antagonists, pharmacologic proper- 
ties of, 324-325 
Opioid peptides, pharmacologic properties 
of, 330-331 
Opioid(s}, intraspinal, for cesarean section 
anesthesia, 447-448 
isoflurane and, in patients with coronary 
artery disease, 286-287 
ORG 7617, 343 
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ORG 9273, 344 

ORG 9426, 344 

ORG 9616, 343 

Organ failure, multisystem, management of 
patients with, 1-235. See also Multisys- 
tem organ failure. 

Oscillometric devices, autornated, as method 
of noninvasive blood pressure measure- 
ment, 726-727 

Oscillometry, as method of noninvasive 

blood pressure measurement, 725— 
726 
accuracy of, 727-729 

Oxazepam, in obstetrics, 442 

Oxygen deficiency, fat metabolism during, 
104-105 

Oxygen metabolism, disorders of, in septic 
shock, 85-89 

Oxygen monitoring, transcutaneous, in pedi- 
atric cardiac monitoring, 829 

Oxygen transport and utilization, abnormali- 
ties of, in multisystem failure, 144-147 

Oxygen-derived free radical scavenge, for 
treatment of myocardial ischemia and 
infarction, 625 

Oxymorphone, in obstetrics, 441 

Oxytocin, as uterine active agent, 449 


Pancreas, dystunction of, and multisystem 
organ failure, 192-193 

Paralysis, musele, for treatment of pulmo- 
nary dysfunction in multisystem organ 
failure, 162-163 

Parenchymal dysfunction, and ARDS, 138- 
139 

Pediatric patients, cardiac monitoring for, 
825-837. See also Cardiac monitoring, 
of pediatric patient. 

Penaz method, for nonocclusive blood pres- 
sure measurement, 732-734 

Percutaneous transluminal coronary angio- 
plasty (PTCA). for treatment of acute 
myocardial infarction, 637-639 

Perfusion, historical backdrop to, 662-669 
Chinese vessels, 663 
eastern theories of circulation, 664 
Egyptian pneumatics, 663 
Greek distinctions, 663--664 
stethoscopy in, 666-669 
western theories of circulation, 664-666 

Perioperative echocardiography, examination 
by, 771-772 

Pharmacodynamics, and pharmacokinetics, 
new developments in, 251-280. See 
also Pharmacokinetics, and pharmaco- 
dynamics. 

Pharmacogenetics, effect on pharmacokinet- 
ics and pharmacodynamics, 255-256 
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Pharmacokinetic-pharmacodynamics models, 
259-267 
Pharmacokinetics, and pharmacodynamics, 
factors influencing, 252-255 
new developments in, 251-250 
population, approaches to estimating, 
258-259 
Pheochromocytoma, labetalol for treatment 
of, 395 
Pipecuronium, pharmacologic properties of, 
345, 346-347 
Pituitary-gonadal axis, eflect of, on neuroen- 
docrine response, 17-15 
Pituitary-thyroid axis, effect of, on neuroen- 
docrine response, 16-17 
Platelet dysfunction, factors leading to, in 
mulisystem failure, 26-27 
Platelet(s), role of, in myocardial ischemia 
and infarction, 474-475 
Positive end-expiratory pressure (PEEP), in 
ARDS. 158-166 
Potassium channel blockers, pharmacologic 
properties of, 366-367 
Pregnancy, encephalopathy complicating, ef- 
fect on central nervous system, 210 
Pregnaney-induced hypertension, labetalol 
for treatment of, 395-396 
Premedicants, new narcotic drugs as, 434~ 
436 
Premedication, ideal, 420-421 
Pressure-flaw relationship, 870-877 
extravasation and, 877-881 
obstructions and, 551-853 
Pressure-flow-resistance relationship, 866- 
S70 
Propofol (Diprivan), pharmacokinetic profile 
and pharmacodynamic effects of. 310- 
315 
Propranolol, for treatment of myocardial 
ischemia and infarction, 375-576 
Prostaglandin E,, for treatment of pulmo- 
nary dysfunction in multisystem organ 
failure, 163 
Prostaglandins, E and F series, as abortifa- 
cients in obstetrics, 449-450 
effects of, on lungs, in acutely ill patients, 
63-64 
role of. in myocardial ischemia and infarc- 
tion, 474-475 
Psychotropic drugs, categories of, 419-420 
new developments in, 419-438 
PTCA. See Percutaneous transluminal coro- 
nary angioplasty. 
Pulmonary artery, catheter presence in, 
complications of, 754-755 
Pulmonary artery catheter, passage of, com- 
plications of, 753-754 
Pulmonary artery catheter monitoring, 743— 
767 


clinical application of, 761-763 
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data measurement and interpretation in, 
T44-745 
hemodynamic pressure monitoring in, 
745-751 
physical complications of, 751-755 
Pulmonary artery catheterization, in pediat- 
rie cardiac monitoring, 831-832 
Pulmonary artery pressure(s), in detection of 
myocardial ischemia and infarction, 
563-564 
Pulmonary capillary wedge pressures, meas- 
urement of, in diagnosis of subendocar- 
dial ischemia, 563-564 
Pulmonary dysfunction, in multisystem or- 
gan failure, 135-172 
abnormalities of oxygen transport and 
utilization in, 144-147 
bedside hemodynamic measurements, 


151-153 
clinical and pathologic correlations, 
147-150 


effect of hemodynamics on lung edema 
and gas exchange in, 140-142 

hemodynamic management of, 153--154 

invasive hemodynamic monitoring in, 


150-15] 
muscle paralysis for treatment of, 162- 
163 


prostaglandin E, for treatment of, 163 
steroids for treatment of, 161 
ventilatory management of, 155-161] 
Pulsation, direct measurement of, historical 
backdrop to, 672 
historical backdrop to, 669—677 
Chinese, 670 
Egyptian, 669-670 
Greek, 671-672 
Indian, 670-671 
indirect measurement of, historical back- 
drop to, 675-677 
venous access and, historical backdrop to, 
672 
Pulse contour, in measurement of cardiac 
output, 817-815 
Pulse detection, peripheral, as method of 
noninvasive blood pressure measure- 
ment, 729-73] 
Pulse oximetry, in pediatric cardiac monitor- 
ing, 528-529 


Quantal responses, 260 


Ranitidine, for prophylaxis of aspiration, 412 

Renal failure, effect on central nervous sys- 
tem, 206-208 

Renin-angiotensin system, effect of, on neu- 
roendocrine response, 15-16 
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Reperfusion, and regional wall motion, 561- 
562 
during myocardial infarction, factors af- 
fecting outcome~advisability of, 493- 
496 
experimental models of, 485-503 
Reperfusion injury, and ischemic heart dis- 
ease, 475-450 
Reperfusion treatment, cardiologic, for acute 
myocardial infarction, 631-649 
for acute myocardial infarction, and im- 
provement of prognosis, 642-646 
beneficial effects of, 639-642 
PTCA for, 637-639 
thrombolytic therapy, 635-637 
Respiratory muscle failure, in shock, 135- 
135 
Resuscitation, in hemorrhagic shock, 126~ 
13] 
Reticuloendothelial system, effect of trauma 
on, 33 
Right ventricular function, monitoring of, 
851-863 
complications of, 858-859 
importance of, in management of pa- 
tients with ARDS, 857 
nuclear magnetic imaging for, 857 
radionuclear techniques for, 854 
thermodilution technique for, 855-856 
two-dimensional echocardiography for, 
855 
Ropivacaine, pharmacologic properties of, 
358-360 
RQ measurement, interpretation of, in criti- 
cally ill patients, 44—45 


saxitoxin (STX), pharmacologic properties 
of, 366 
Scintigraphy, in diagnosis of myocardial 
ischemia, 508 
Sepsis, early versus late, in acutely ill pa- 
tients, 61 
heart in, mechanics of, 89-95 
myocardial perfusion and metabolism 
of, 95~105 
pulmonary abnormalities associated with, 
139 
Septic shock, 73-85 
cardiovascular dysfunction in, 87—118 
effect on pulmonary circulation, right 
ventricle, and respiratory pump, 
105-107 
management of, 107—108 
cardiovascular effect of, 75-80 
clinical manifestation of, 74 
diagnosis of and therapy for, 81—82 
organ dysfunction caused by, 80-81 
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pathophysiology of, 74-75 
pulmonary damage caused by, 80 
Sevoflurane, effects of, 292—293 
Shock, hemorrhagic, 119-134, See also 
Hemorrhagic shock. 
respiratory muscle failure in, 135-138 
septic, 73—85. See also Septic shock. 
“Simplitrol” Portable Model Cambridge 
Electrocardiograph, 662 
Skeletal muscle relaxants, new develop- 
ments in, 335-355. See also Neuromus- 
cular blocking agents (NMBAs). 
Starvation, in the nonstressed state, 50 
metabolic response to, in acutely ill pa- 
tients, 50 
stressed, fat metabolism during, 53-54 
stressed vs. unstressed, 6] 
Stenosis, aortic, Doppler evaluation of, 796- 
797 
atherosclerotic coronary artery, and isch- 
emic heart disease, 467-469. See also 
Coronary artery stenosis, atheroscle- 
rotic. 
critical, and ischemic heart disease, 469 
mitral, Doppler evaluation of, 797 
valvular, Doppler evaluation of, 795-796 
Stereoisomers, effect on pharmacokinetics 
and pharmacodynamics, 256-258 
Steroids, for resuscitation in hemorrhagic 
shock, 129-130 
for treatment of pulmonary dysfunction in 
multisystem organ failure, 16] 
Stethoscopy, early history of, 666-669 
Stewart-Hamilton equation, 756 
Stomach, dysfunction of, and multisystem 
organ failure, 186-189 
Stress, glucose metabolism during, 53 
late, and multisystem organ failure, 62 
metabolic response to, in acutely ill pa- 
tients, 52 
ST-segment analysis, automated, in detec- 
tion of myocardial ischemia and infare- 
tion, 549-553 
ST-segment depression, in detection of 
myocardial ischemia and infarction, 
46-549 
ST-segment monitoring, in preoperative di- 
agnosis of myocardial ischemia in non- 
cardiac surgical patients, 529-530, 531 
Subendocardium, and ischemia, 465-467 
Sufentanil, effects of, on coronary blood 
flow, 607 
in obstetrics, 441 
pharmacologic properties of, 323-324 
Surgery, cardiac, for perioperative myocar- 
dial ischemia and infarction, 505-526. 
See also Myocardial ischemia, and myo- 
cardial infarction, perioperative. 
elective, systemic responses to, anesthetic 
modification of, 222-228 
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noncardiac, for perioperative myocardial 

ischemia and infarction, 527-543. See 
also Myocardial ischemia, and myocar- 
dial infarction, perioperative. 

Surgical injury, systemic responses to, 221- 
228 

Systolic time intervals, in measurement of 
cardiac output, 818 


Tachveardia, perioperative, esmolol for 
treatment of, 385 
Temazepam, as premedicant, 430-431 
pharmacologic properties of, 429-431 
Tetrodotoxin (TTX), pharmacologic proper- 
ties of, 366 
Thermodihiticn cardiac output, principles 
of, 756-763 
Thermodilution technique, for monitoring 
right ventricular function, 855-856 
Thiopental, effects of, on coronary blood 
flow, 608 
Thiorphan, for analgesia in cancer patients, 
330-331 
Thoracic electrical impedance, in measure- 
ment of cardiac output, 819-820 
Thrombocytopenia, critical care drugs asso- 
ciated with, in multisystem failure, 26 
factors leading to, in multisystem failure, 
20-26 
Thrombolytic therapy, for treatment of acute 
myocardial infarction, 635-637 
Thrombotic thrombocytopenic purpura 
(TTP), and coagulation disorders, 31-32 
Tocolvtics, in obstetrics, 450-451 
Total parenteral nutrition, for patients in 
hemorrhagic shock, 125-126 
Transcutaneous oxygen monitoring, in pedi- 
atric cardiac monitoring, 829 
Transplantation, of liver, and coagulopathy, 
31-32 
Triazolam, as premedicant, 433-434 
pharmacologic properties of, 431-434 
Two-dimensional echocardiography, for 
monitoring right ventricular function, 
S55 
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in pediatric cardiac monitoring, and color 
flow Doppler, 833-834 


Ulcers, stress, of stomach, role of, and mul- 
tisystem organ failure, 186-189 
Ultrasound, in examination of heart, 769- 
783 
in measurement of cardiac output, 519 


Valvular function, Doppler evaluation of, 
795~799 
Vasoconstrictors, for treatment of myocardial 
ischemia, 581-583 
VCO, measurement, interpretation of, in 
critically ill patients, 44-45 
Vecuronium, pharmacologic properties of, 
343-346 
Vecuronium infusion, 342 
Venous drainage, of heart, anatomy of, 840 
Ventilation, effect of amino acids on, in 
acutely ill patients, 64—66 
Ventricular filling pressure, in diagnosis of 
myocardial ischemia, 508-509 
Ventricular function, global, M-mode for 
evaluation of, 772—775 
two-dimensional echocardiography for 
evaluation of, 775-776 
regional, two-dimensional echocardiogra- 
phy for evaluation of, 776-779 
Ventricular septal defects, Doppler echocar- 
diography for detection of, 799 
Verapamil, for treatment of myocardial isch- 
emia, 578-581 
Vitamin K deficiency, as cause of bleeding 
abnormalities, in multisystem failure, 
28-29 
Vo, measurement, interpretation of, in criti- 
cally ill patients, 44~45 


Wall motion, regional, abnormalities of, de- 
velopment of, following onset of myo- 
cardial ischemia, 559-561 

and reperfusion, 561-562 
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